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Mitochondria acquire the vast majority of their proteins from the cell cytosol in a manner
that requires the coordinated function of numerous translocation machineries embedded
within their two membrane systems. One of the most multifaceted of these machineries
is the Translocase of the Inner Membrane 23 (TIM23) complex, which mediates the
import of both inner membrane- and matrix-targeted proteins. The central subunit of this
complex is Tim23, a voltage-gated channel-forming protein that constitutes part of the
protein-conducting channel residing in the inner membrane. Tim23 has bipartite domain
organization with a C-terminal integral membrane domain and an N-terminal intrinsically
disordered domain that resides in the intermembrane space, termed Tim23IMS. Work
from our group and others have shown that cardiolipin, a dianionic phospholipid unique
to the mitochondrion, is required for the activity and subunit interactions of the TIM23
complex, as well as for specific membrane interactions of Tim23IMS. Although the
association between Tim23IMS and cardiolipin has been demonstrated, there is currently
very little information regarding the molecular details of this protein-lipid binding
interaction. This thesis focuses on elucidating the mechanism by which Tim23IMS binds
to cardiolipin-containing membranes. We first discuss the theories and principles of
spectroscopic techniques and data analysis strategies that can be utilized to effectively
quantify transient binding interactions between intrinsically disordered proteins and
model membrane systems. We next show how implementation of these techniques has
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allowed us to quantify Tim23IMS-membrane binding and critically assess the
physicochemical driving forces behind this interaction. Using site-directed mutagenetic
and computational approaches, we have identified highly-conserved amino acid
residues of Tim23IMS that have proven critical in allowing this domain to bind to model
membranes. Second, we show that cardiolipin facilitates the binding of Tim23IMS to
mitochondrial membranes due to its unique structural properties. Finally, this work
addresses the effects of Tim23IMS interactions on the physical properties of cardiolipincontaining bilayers themselves. Overall, our results have shifted the paradigm that
cardiolipin and protein binding is primarily driven by electrostatic forces and have
opened the door for future studies probing the structural properties of known cardiolipininteracting proteins and mitochondrial membranes.
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Chapter 1
Introduction: Mitochondrial Protein Import and Cardiolipin Biogenesis

1

1.1 Mitochondrial Ultrastructure and Protein Import Pathways

Mitochondria are dynamic and structurally complex organelles that are fundamental
for numerous cellular functions, including the regulation of cellular redox status,
synthesis of ATP, apoptosis, maintenance of calcium homeostasis, production of
reactive oxygen species, and biogenesis and transport of lipids (Youle and van der
Bliek, 2012). The diversity of mitochondrial functions is reflected in the complex
structure of these organelles (Mokranjac and Neupert, 2010; Alder 2012). Mitochondria
are bound by two distinct membrane systems, an outer membrane (OM) and an inner
membrane (IM), which delineate two aqueous compartments: the matrix and the
intermembrane space (IMS; Figure 1.1). The IM is further subdivided into two
continuous yet morphologically distinct domains: the inner boundary membrane and the
cristae membrane (Figure 1.1). The inner boundary membrane runs parallel to the OM
and forms specific contact sites in which the OM and the IM are in close proximity to
one another (Figure 1.1). The cristae membrane forms tubular invaginations into the
mitochondrial matrix and harbors the enzyme complexes responsible for oxidative
phosphorylation (Ikon and Ryan, 2017). The inner boundary membrane is connected to
the cristae membrane through narrow, tubular openings called cristae junctions (Figure
1.1).
Based on proteomic analyses, it has been estimated that mitochondria contain
approximately 1500 different proteins in mammals and 1000 different proteins in yeast
(Prokisch et al., 2005). Of the numerous proteins within the mitochondrial proteome,
only about 1% are encoded in mitochondrial DNA and translated on mitochondrial
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ribosomes (mitoribosomes) in the matrix. The majority (about 99%) of mitochondrial
proteins are nuclear-encoded and are synthesized on cytosolic ribosomes. The
dependence of mitochondria on the supply of proteins from the cytosol results from its
prokaryotic origin. Following endosymbiosis, the majority of genes in the DNA of the
prokaryotic endosymbiont were transferred to the nuclear genome of the host (Dolezal
et al., 2006). Therefore, the majority of mitochondria-resident proteins are encoded in
nuclear DNA, synthesized on cytosolic ribosomes, and post-translationally targeted to
the organelle. The semipermeable lipid bilayers that compartmentalize the organelle
pose barriers for nuclear-encoded proteins targeted to mitochondrial subcompartments
and necessitate a means of import through each of the bilayers in order for these
proteins to efficiently reach their final destination.
Mitochondria have evolved complex protein translocation machineries that reside in
their two membranes. Nuclear-encoded mitochondrial proteins are synthesized with
specific targeting sequences that allow these proteins to be directed into their correct
corresponding mitochondrial subcompartments by these translocases (Wiedemann and
Pfanner, 2017). Five major protein import pathways have been currently identified, each
characterized by its ability to recognize a specific type of targeting signal unique to its
respective preprotein (Figure 1.2) (Wiedemann and Pfanner, 2017). The five import
pathways can be described as follows:
The Presequence Pathway
The presequence pathway (Figure 1.2-1.3), or the classical import pathway,
imports the vast majority of matrix and IM proteins, which are characterized by the
presence of a positively charged, amphipathic, cleavable presequence at the N-
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terminus (Roise et al., 1986; Abe et al., 2000; Vögtle et al., 2009; Chacinska et al,
2005). Presequence-carrying proteins are first recognized by the Translocase of the
Outer Membrane (TOM) complex, which serves as the entryway by which all nuclearencoded proteins traverse the OM into the IMS and enter the organelle (Kiebler et al.,
1990). The newly imported presequence-carrying proteins are then either laterally
inserted into the IM or transported across the IM into the mitochondrial matrix. These
processes require the presence of the Translocase of the Inner Membrane (TIM23)
complex, which recognizes and mediates the translocation of matrix-targeted proteins
across, and the integration of membrane proteins into the IM, respectively. The TIM23
complex utilizes two different energy sources to carry out its protein translocation
activity, namely the membrane potential (ΔΨm) across the IM and matrix ATP. The
lateral sorting of preproteins into the IM is driven by membrane potential alone (Martin
et al., 1991). In order for complete preprotein translocation across the matrix to occur,
the TIM23 complex associates with the Presequence Translocase-Associated Motor
(PAM) complex, which catalyzes an ATP-hydrolysis event (Chacinska et al., 2005). The
TIM23 complex and its associated motor (PAM) are considered to be among the most
complicated translocase and sorting machinery of mitochondria and will be the primary
focus of this thesis (Chacinska et al., 2009).
The Carrier Pathway
Metabolite carriers such as the ADP/ATP carrier and the phosphate carrier form
a large family of hydrophobic, IM proteins that contain six α-helical transmembrane
segments (Bolender et al., 2008; Wiedemann and Pfanner, 2017). Unlike the proteins
that are sorted through the classical import pathway, carrier proteins lack cleavable
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presequences and are instead synthesized with several internal targeting signals
(Figure 1.2) (Brix et al., 1999; Endres et al., 1999). Carrier precursors in the cytosol
bind to Hsp70 and Hsp90 chaperones, which prevent aggregation and promote the
delivery of these precursors to the Tom70 protein of the TOM complex in an ATPdependent manner (Young et al., 2003; Bhangoo et al., 2007). The carrier precursors
are then transferred to the central receptor of the TOM complex Tom22, which allows
them to be subsequently inserted into the Tom40 channel (Wiedemann et al., 2001).
Tom40 then recruits small TIM chaperones that interact with the carrier translocase
TIM22, which mediates the insertion of the carrier precursor proteins into the IM in a
ΔΨm-driven manner (Rehling et al., 2003). Tim22 is structurally similar to key proteins of
the TIM23 complex (Tim23 and Tim17), suggesting that the channel-forming proteins of
the presequence and carrier translocases are derived from a common ancestor
(Wiedemann and Pfannner, 2017). In addition to the carrier precursors, the TIM22
complex transports other non-cleavable IM proteins containing multiple transmembrane
segments, including key members of the TIM23 complex (Curran et al., 2002;
Wiedemann and Pfanner, 2017).
The Pathway for β–barrel OM Proteins
The precursors of β–barrel proteins targeted to the mitochondrial OM are
synthesized on cytosolic ribosomes and consist of a β-hairpin element containing two
adjacent β-strands and a connecting loop (Jores et al., 2016). These hydrophobic
precursors are translocated through the Tom40 channel of the TOM complex and are
bound to small TIM chaperones that protect them from aggregation within the aqueous
IMS (Wiedemann and Pfanner, 2017). The β–barrel proteins are then inserted into the
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OM by the Sorting and Assembly Machinery (SAM) complex (Figure 1.2), which is
predicted to either insert the precursors at the protein-lipid interface on the outer surface
of the complex or thread the precursors into the channel of the complex and laterally
release them into the lipid phase (Höhr et al., 2015; Noinaj et al., 2015; Wiedemann and
Pfanner, 2017).
The Pathway for α-helical OM Proteins
Signal-anchored and tail-anchored OM proteins contain an α-helical
transmembrane segment at the N- and C-terminus, respectively. These transmembrane
segments, which are flanked by positively charged amino acid residues, can function as
both membrane anchors and targeting signals for the delivery of these α-helical proteins
to the OM (Wiedemann and Pfanner, 2017). Polytopic α-helical OM proteins contain
multiple transmembrane segments, which are believed to contain the targeting
information necessary for proper sorting (Wiedemann and Pfanner, 2017). Insertion of
α-helical OM proteins is facilitated by the Mitochondrial Import (MIM) complex (Figure
1.2), which is catalyzed by the presequence translocase machinery of the IM as well as
with subunits of the TOM complex, though the exact molecular mechanism by which
protein insertion occurs has yet to be elucidated (Sinzel et al., 2016).
The Pathway for Intermembrane Space Proteins
Proteins that reside within the IMS contain characteristic cysteine motifs and are
imported through the Mitochondrial Intermembrane Space Import and Assembly (MIA)
machinery (Figure 1.2). The precursors are kept in a reduced state in the cytosol and
are translocated across the OM through the Tom40 channel of the TOM complex, after
which they are recognized and oxidized by Mia40 to form intramolecular disulfide
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bonds—the mature, folded proteins are then released into the IMS (Banci et al., 2010).
Electrons derived from the oxidation of imported proteins are transferred to molecular
oxygen or cytochrome c of the respiratory chain (Bihlmaier et al., 2007).

1.2 The Modular Forms of the TIM23 Complex of the Presequence Pathway

The TIM23 complex is one of only a few protein translocases capable of trafficking
proteins into as well as across the membrane bilayer (Mokranjac and Neupert, 2010).
As has been mentioned above, the majority of precursor proteins transported by the
TIM23 complex carry N-terminal presequences, which are approximately 15-50 amino
acid residues long and form positively charged, amphipathic helices (Chacinska et al.,
2009). The net positive charge (+3 to +6) of presequences is critical in allowing these
targeting signals to be directed through the IM by the electrophoretic pulling effect of
ΔΨm (negative inside the matrix) (Martin et al., 1991). Presequences of proteins that are
destined for the matrix are proteolytically cleaved by mitochondrial processing peptidase
(MPP) upon import. Presequences of proteins that are destined for the IM contain an
additional, hydrophobic sorting signal (16-18 residues) located after the matrix-targeting
signal, which arrests translocation in the IM and allows the preproteins to be laterally
released into the lipid phase (Glick et al., 1992). Once integrated into the IM, these
targeting signals are also cleaved by MPP.
In order to carry out each of its functional roles, TIM23 has been shown to adopt two
modular forms called “TIM23MOTOR” and “TIM23SORT” (Figure 1.4), which are
responsible for the transport of matrix-targeted and IM-targeted proteins, respectively
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(Chacinska et al., 2005; Mokranjac et al., 2005; Oka and Mihara, 2005). These modular
forms consist of the same three core subunits (TIM23CORE) but differ in regard to their
accessory subunits and interacting partners. Conflicting views have been discussed as
to whether the two modular forms of the TIM23 complex exist separately or whether one
form of the complex containing all subunits is responsible for both the transport and
sorting of matrix- and IM-targeted proteins (Wiedemann et al., 2007). The subunits of
each modular form of TIM23 are described in detail:
TIM23CORE
The core subunits of the TIM23 complex consist of three essential membraneembedded proteins, namely Tim50, Tim23, and Tim17 (Figure 1.4). Tim50 is largely
comprised of a hydrophilic, C-terminal domain exposed to the IMS (Tim50IMS) and an Nterminal transmembrane segment that anchors the protein into the IM (Geissler et al.,
2002; Yamamoto et al., 2002; Mokranjac et al., 2003). Tim50IMS functions as a receptor
and is the first component of the presequence pathway machinery to receive and bind
emerging preproteins from the TOM complex and direct them to the TIM23 channel
(Rahman et al., 2014; Geissler et al., 2002). The central subunit of the TIM23 complex,
Tim23, is comprised of a hydrophilic, intrinsically disordered IMS domain (Tim23IMS) as
well as a membrane-embedded domain comprised of four predicted helical
transmembrane segments (Figure 1.5) (Martinez-Caballero et al., 2007).
Electrophysiological measurements on mitochondrial membranes and purified Tim23
have revealed that Tim23 forms a cation-selective and voltage-gated multiconductance
channel, the gating of which is mediated by a combination of ΔΨm-coupled dimerization
of Tim23IMS, voltage sensing by Tim17, and regulation of channel opening by Tim50
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(Truscott et al., 2001; Meier et al., 2004; Meinecke et al., 2006; Malhotra et al., 2013).
Gating of the Tim23 channel is crucial in maintaining the permeability barrier of the IM,
including the electrochemical potential (DµH+). While the presence of presequence
triggers the opening of the channel (Truscott et al., 2001), the channel must be
maintained in a closed state when in an inactive (non-transporting) mode. Tim17
belongs to the same protein superfamily as Tim23 and is predicted to be structurally
homologous to the channel-forming domain of Tim23, containing four transmembrane
segments but lacking an intrinsically disordered, soluble domain (Mokranjac and
Neupert, 2010). While the exact function of Tim17 remains unclear, it is believed to be
involved in the regulation of the Tim23 channel as well as in preprotein sorting at the IM
(Martinez-Caballero et al., 2007; Rainbolt et al., 2013; Ramesh et al., 2016).
TIM23SORT
In order to carry out the sorting and lateral insertion of IM-targeted proteins into
the IM, TIM23CORE associates with subunits Tim21 and Mgr2 to form the TIM23SORT
complex (Figure 1.4). Tim21 is comprised of a single transmembrane segment
embedded in the IM and a large, C-terminal IMS domain that has been shown to bind to
the Tom22 receptor, the interaction of which is inhibited in the presence of presequence
(Chacinska et al., 2005; Mokranjac et al., 2005). As such, Tim21 is predicted to function
antagonistically to Tim50 by reducing the accumulation of preprotein at the TOM
complex (Chacinska et al., 2005). Experimental evidence has also suggested that
Tim21 is directly coupled to the respiratory chain and recruits supercomplexes III and IV
in order to achieve ΔΨm-driven protein insertion (van der Laan et al., 2006). Mgr2 is the
most recently identified member of the presequence translocase and is comprised of
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two transmembrane segments with N- and C-termini in the IMS and a matrix-facing loop
(Ivea et al., 2014). Mgr2 is required for the coupling of Tim21 to TIM23CORE and appears
to function as a quality control protein that delays the release of preproteins from the
TIM23 complex into the lipid phase of the IM and prevents preproteins with impaired
sorting signals from entering into the membrane (Ieva et al., 2014; Popov-Celeketic et
al., 2008). Additionally, Mgr2 has been shown to function as a “lateral gatekeeper” that
controls the release of preproteins from the TIM23 complex into the IM (Ieva et al.,
2014).
TIM23MOTOR
While lateral sorting of mitochondrial proteins into the IM is driven solely by ΔΨm,
protein translocation into the matrix requires an additional energy source in the form of
matrix ATP. As such, TIM23MOTOR lacks Tim21 but associates with the subunits of the
PAM complex, the core of which is structurally organized by Pam17 and is largely
comprised of the ATP-hydrolyzing, mitochondrial heat-shock protein 70 (mtHsp70)
(Figure 1.4) (Popov-Celeketic et al., 2008; Kang et al., 1990). Preproteins emerging
from the Tim23 channel are bound to mtHsp70 through a process mediated by the
peripheral membrane protein Tim44, which receives proteins in transit and couples
mtHsp70 to the Tim23 channel (Banerjee et al., 2015; Wiedemann and Pfanner, 2017).
Two IM-bound cochaperones, Pam18 and Pam16, regulate the ATP-hydrolyzing activity
of mtHsp70 in a stimulatory and antagonistic manner, respectively, while the nucleotide
exchange factor Mge1 promotes the release of ADP from mtHsp70 and initiates a new
round of ATP-hydrolysis (Li et al., 2004; Miao et al., 1997; Wiedemann and Pfanner,
2017). Although the exact mechanism by which the import motor functions is unknown,
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there are currently two proposed models that explain this process, namely the Brownian
ratchet (trapping) model and the power stroke (pulling) model. In the Brownian ratchet
model, the mature domain of the preprotein spontaneously unfolds and mtHsp70
subsequently dissociates from TIM23MOTOR, thereby pushing the unfolded segment
through the import channel in a manner driven by Brownian motion (Neupert and
Brunner, 2002; Sato et al., 2005; Sato et al., 2019). In the power stroke model, the
mtHsp70 molecule at the end of Tim23 channel undergoes a conformational change
that generates a mechanical pulling force on the preprotein in transit—this
conformational change causes the mature domain of the protein to unfold (Glick, 1995;
Sato et al., 2019). In both models, binding of another mtHsp70 molecule to the protein
segment in the matrix prevents backsliding and refolding of the protein in transit,
thereby leading to unfolding of the mature domain outside of the mitochondrion (Sato et
al., 2019).

1.3 Binding partners of Tim23IMS

Having underscored the highly dynamic and structurally multifaceted nature of the
TIM23 complex as well as the various roles it plays in the context of mitochondrial
protein import, the focus will now shift to one of the most essential proteins of this
complex: Tim23. As was mentioned above, Tim23 has a bipartite domain organization
comprising a hydrophilic, intrinsically disordered IMS domain (residues 1-96;
Saccharomyces cerevisiae numbering throughout) and a well-folded, membraneembedded domain (residues 97-222) with four predicted helical transmembrane
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segments (Figure 1.5). The C-terminal domain of Tim23 forms a voltage- and
substrate-gated channel, where transmembrane segment (TMS) 1 and TMS2 have
been shown to interact with preproteins in transit through the aqueous lumen (Alder et
al., 2008a; Alder et al., 2008b). Tim23IMS is the largest disordered domain of the TOM
and TIM23 complexes and is essential for yeast growth at high temperatures (de la
Cruz et al., 2010; Bauer et al., 1996). Intrinsically disordered proteins (IDPs) lack a
unique 3D structure and exist in a dynamic ensemble of conformations, allowing them to
interact promiscuously with multiple binding partners with high specificity but modest
affinity (Haynes et al., 2006). Bioinformatics-based analyses suggest that eukaryotic
proteomes have a significantly higher occurrence of IDPs relative to prokaryotic
proteomes, indicating that they are likely involved in more complex signaling and
regulatory pathways (Ward et al., 2004). The intrinsic disorder of Tim23IMS is predicted
to allow this protein to act as a hub in the mitochondrial import machinery protein
network and facilitate efficient protein transport through its various molecular
interactions (Figure 1.6) (de la Cruz et al., 2010). Each of the known binding partners of
Tim23IMS are described in detail:
Tim23IMS Dimer
One of the first molecular interactions to be observed in the IMS domain was its
ability to dimerize via a heptad leucine repeat motif present in the C-terminus (residues
50-96) (Figure 1.6). Homodimerization of this domain, which is essential for proper
Tim23 function, requires the presence of ΔΨm and is abolished in the presence of
preprotein (Bauer et al., 1996). In this coiled-coil arrangement, a cluster of negatively
charged amino acid residues forms and attracts the positively charged presequence-
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carrying preprotein, thereby allowing Tim23IMS to function as a receptor for protein
import. Dimer dissociation leads to opening of the Tim23 channel domain, which in turn
initiates the movement of the preprotein across the IM (Bauer et al., 1996).
Tim23IMS and Tim21IMS
Recent NMR analysis has revealed a complex mechanism of interaction between
Tim23IMS and Tim21IMS of the TIM23SORT machinery (Figure 1.6). Tim23 contains three
distinct regions (residues 1-7, 68-74, and 90-96) that bind weakly to a highly conserved
pocket in Tim21IMS through hydrophobic interactions (Bajaj et al., 2014a). As such, it is
possible that Tim23IMS plays a direct role in mediating IM-targeted protein import and
supercomplex recruitment by the TIM23SORT complex.
Tim23IMS and Tim50IMS
Residue-specific analysis of Tim23IMS has revealed that the three distinct regions
that bind to Tim21 also bind to Tim50IMS (Figure 1.6) (Bajaj et al., 2014a). In addition to
these three regions, Tim50IMS further recruits residues 29-46 of Tim23IMS. Mutations of
the highly conserved residues Y70 and L71 of Tim23IMS, which comprise its putative
coiled-coil region, completely abolish the interaction between Tim23IMS and Tim50IMS in
vivo, suggesting that this particular site drives the overall association of the two protein
domains (Gevorkyan-Airapetov et al., 2008). Interestingly, the protein import efficiency
of both IM- and matrix-targeted preproteins is severely diminished in mitochondria
containing these site-specific mutations, suggesting that the interaction between
Tim23IMS and Tim50IMS is critical in allowing the TIM23 complex to function properly
(Tamura et al., 2009).
Tim23IMS and Tom22IMS
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Tom22 is the presequence receptor protein of the TOM complex and is anchored
into the OM by a hydrophobic segment in the middle of its sequence, thereby exposing
its N-terminal and C-terminal domains to the cytosol and IMS, respectively (Mayer et al.,
1995). Crosslinking studies have revealed that Tim23IMS is able to interact with
Tom22IMS in the absence of presequence (Figure 1.6) (Tamura et al., 2009). Recent
NMR analysis has confirmed that this interaction occurs specifically at residues V53 and
L58-L61 of Tim23IMS (Bajaj et a 2014a). As such, Tim23IMS might facilitate the efficient
coupling of protein translocation across the TOM and TIM23 complexes through its
interactions with Tom22IMS.
Tim23IMS and Mitochondrial Membranes
During protein translocation, IM- and matrix-targeted preproteins have been
shown to briefly exist in an intermediate state in which the C-termini remain accessible
to the cytosolic surface of the mitochondrion while the positively-charged N-termini are
simultaneously processed by key components in the matrix (Schleyer and Neupert,
1985). It has been previously postulated that Tim23IMS penetrates the OM and becomes
exposed to the surface of the mitochondrion, acting as a preprotein receptor that
subsequently recruits the TOM complex and allows for the coordinated transport of
preproteins across both mitochondrial membranes (Donzeau et al., 2000). The ability of
Tim23IMS to crosslink to Tom22IMS supports its role in protein translocation as well as its
close vicinity to the OM (Tamura et al., 2009). This novel, two-membrane-spanning
topology has been met with controversy, as other groups have claimed that Tim23IMS
does not penetrate the OM and is actually a dispensable component of the protein
important machinery (Chacinska et al., 2005). Recent NMR analysis has revealed that
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Tim23IMS binds to lipid bilayers at two distinct regions (residues 1-7 and residues 29-46;
Figure 1.6) (Bajaj et al., 2014b). The extreme N-terminal binding region is predicted to
tether the OM to the IM through a hydrophobic cluster comprised of Tryptophan 3,
Leucine 4, and Phenylalanine 5 (Bajaj et al., 2014b). This so-called “hydrophobic hook,”
which has also been shown to bind to Tim21IMS and Tim50IMS, is predicted to
dynamically anchor Tim23 to lipid bilayers in order to establish translocation contact
sites and promote efficient protein import (Bajaj et al., 2014b). Moreover, the secondary
binding region of Tim23IMS consisting of residues 29-46, which has been shown to bind
to Tim50IMS, is also predicted to mediate efficient protein import. Yeast cells lacking the
extreme N terminus of Tim23 (residues 1-50) have been shown to have severe
mitochondrial morphological aberrations (Donzeau et al., 2000). Indeed, the
identification of this putative membrane-interactive region is consistent with a twomembrane spanning topology of Tim23IMS. However, available structural information
contradicts this model because the predicted lengths of the membrane-interactive
regions are insufficient to span the entirety of the OM (Bajaj et al. 2014b). Therefore,
many questions remain about the nature of the interaction of Tim23IMS with
mitochondrial membranes.
The highly dynamic IMS domain of Tim23 likely acts as a critical regulatory
element in the interactive network of the mitochondrial protein transport machinery
through its various protein-protein and protein-lipid interactions. The conformational and
functional complexity of this domain is highlighted by the fact that many of these
interactive regions overlap. Critical assessment of the locations of these regions allows
one to make numerous generalizations about the mechanism by which Tim23IMS
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mediates the transport of IM- and matrix-targeted proteins, however the exact molecular
details of these processes remain elusive. The ability of Tim23IMS to interact with the
lipid bilayer at two specific regions is particularly interesting as there is currently no
consensus as to whether or not these regions can penetrate the OM and establish
translocation contract sites. In order to critically assess the importance of protein-lipid
interactions in mediating protein import, one must consider the functional and structural
roles of the lipid compositions of mitochondrial membranes.

1.4 Lipid Composition of the OM and IM

The OM and the IM of mitochondria differ significantly with respect to their overall
function, protein composition, and lipid composition. While both membrane systems are
primarily composed of phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylinositol (PI), phosphatidylserine (PS), and cardiolipin (CL), the molar ratios
of these phospholipids are quite distinct (Horvath and Daum, 2013). Most notably, CL,
which constitutes approximately 10-20% of the IM, is present only to a moderate extent
(5%) in the OM (Sperka-Gottlieb et al., 1988). Other membrane lipids such as
sphingolipids and sterols, which contribute significantly to the structure and function of
the Golgi apparatus, plasma membrane, and lysosomal compartments, are only found
in trace amounts in mitochondrial membranes (van Meer et al., 2008). The IM is
extremely protein-rich, with a protein to lipid ratio (by weight) of approximately 3-4:1
compared to the 1:1 ratio reported in the OM (Distler et al., 2008). Phospholipids within
the mitochondrial membranes are not distributed evenly, rather they are arranged
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asymmetrically and strategically in ways that are primarily driven by their various
physicochemical properties. In this way, phospholipids within the OM and the IM are
able to directly coordinate and regulate key mitochondrial processes. The specific
phospholipid composition of the OM and the IM is of critical importance for proper
mitochondrial function as these phospholipids affect the activity, biogenesis, and
stability of various protein complexes—deletion of enzymes involved in mitochondrial
phospholipid biosynthesis causes dysfunctional oxidative phosphorylation,
morphological aberrations, and unstable or misassembled protein translocases (Horvath
and Daum, 2013; Mårtensson et al., 2017).

1.5 Cardiolipin Biosynthesis and Remodeling

Cardiolipin (CL; 1,3-bis(sn-3’ -phosphatidyl)-sn-glycerol) is considered to be the
signature phospholipid of mitochondria as it predominantly localized and exclusively
synthesized in the organelle. Of the various phospholipids, CL has unique structural and
chemical characteristics in that it has two phosphate headgroups joined by a central
glycerol moiety and thus four fatty acid acyl chains (Figure 1.7). While most
mitochondrial membrane lipids are synthesized in the endoplasmic reticulum, the
biosynthesis of CL occurs exclusively in the IM through a highly conserved and wellcharacterized pathway involving numerous enzymes (Figure 1.8) (Tian et al., 2012). In
yeast, phosphatidic acid (PA) is synthesized in the Mitochondrial Associated Membrane
(MAM) of the endoplasmic reticulum (ER) and is trafficked across the IMS into the IM by
the Mdm35-stabilized Ups1 lipid transfer protein (Watanabe et al., 2015). Once
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delivered to the IM, PA traverses to the matrix-facing side of the IM, where CL
biosynthesis begins (Gallet et al., 1999). The first reaction of de novo CL synthesis is
the conversion of mitochondrial PA to CDP-diacylglycerol (CDP-DAG) by mitochondrial
CDP-DAG synthase Tam41 (Kutik et al., 2008; Tamura et al., 2013). The phosphatidyl
group of CDP-DAG is then transferred to glycerol-3-phosphate to generate
phosphatidylglycerolphosphate (PGP) through a reaction that is catalyzed by Pgs1,
after which it is dephosphorylated by the PGP phosphatase Gep4 to become
phosphatidylglycerol (PG) (Chang et al., 1998; Osman et al., 2010). CL synthase (Crd1)
then adds a phosphatidyl group from CDP-DAG to PG to produce immature CL, which
is characterized by an asymmetrical assortment of saturated acyl chains (Schlame and
Haldar, 1993; Tuller et al., 1998; Ye et al., 2014). In order to achieve acyl chain
symmetry, immature CL undergoes an additional remodeling pathway in which the CLspecific phospholipase Cld1 removes an acyl chain to generate the remodeling
intermediate monolysocardiolipin (MLCL) (Beranek et al., 2009). After its acyl chain
removal, MLCL then either flips to the IMS-facing side of the IM or gets transported to
the OM through an unknown mechanism (Baile et al., 2014a). The acyl-CoA
independent transacylase tafazzin (Taz1), which is localized to both the IMS-facing side
of the IM and the IMS-facing side of the OM, then removes an acyl chain from a donor
phospholipid (usually PC or PE) and attaches it to MLCL so as to regenerate tetraacyl
CL (Xu et al., 2006). Cycles of subsequent deacylation and reacylation yield mature CL
with an acyl chain composition that is enriched in unsaturated fatty acids, predominantly
palmitoleyl (16:1) and oleoyl (18:1) (Schlame et al., 2005). Finally, CL achieves its final
distribution on both leaflets of the IM and OM through a currently unknown mechanism
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(Baile et al., 2014a). Barth syndrome, a genetic disorder characterized by dilated
cardiomyopathy, neutropenia, skeletal myopathy, and structurally aberrant
mitochondria, highlights the importance of the CL remodeling pathway as it is caused by
mutations in Taz1 (Ye et al., 2016; Vreken et al., 2000). CL remodeling is also believed
to function as a repair mechanism by removing and replacing acyl chains that have
been damaged by the reactive oxygen species generated during oxidative
phosphorylation (Baile et al., 2014b).

1.6 Physicochemical Properties of Cardiolipin

Despite apparent structural symmetry, the two phosphate groups of CL are
chemically distinct due to the fact that the central glycerol moiety has two chiral centers,
each in the R configuration (Schlame et al., 2000). While each phosphate group of CL
should theoretically carry a negative charge at physiological pH, the net charge of this
anionic lipid has caused considerable controversy within the field of membrane
biophysics. Previous experiments in which pH titrations were performed with CL
dispersions have shown that the phosphate groups of CL possess strongly disparate
ionization behavior with two distinct pKa values (pKa1 ~ 2-4 and pKa2 > 8.5), possibly
owing to the existence of a resonance-stabilized acid-anion headgroup structure in
which the protonated state of one phosphate oxygen atom is stabilized by hydrogen
bond interactions with the secondary hydroxyl of the central glycerol (Figure 1.9)
(Haines, 1983). Mechanistically, if the CL headgroup traps a proton in the interfacial
region, it can buffer protons and act as a proton reservoir for proton-pumping respiratory
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enzymes, making this an intuitively attractive model (Haines et al., 2002). Studies from
our lab and those of others’, however, have painted a different picture of CL headgroup
ionization. 2H-NMR analysis has revealed that the headgroup glycerol moiety of CL is
oriented parallel to the bilayer surface and is motionally constricted, thereby hindering
its ability to engage in inter- and intramolecular hydrogen bonding interactions (Allegrini
et al., 1984). Moreover, studies that monitored the phase transitions of CL-containing
bilayers with different cationic lipids as well as independent electrokinetic and
spectroscopic evaluations of CL and CL variants have indicated that CL exists in a fully
ionized (dianionic) state at physiological pH (Lewis and McElhaney, 2000; Sathappa
and Alder, 2016). This model also makes intuitive sense as CL has been proven to be a
critical component of energy-transducing membrane systems and bioenergetic
processes in ways that are unique from monoanionic phospholipids (Sathappa and
Alder, 2016, Paradies et al., 2014).
In addition to its electrostatic contributions, CL is of particular importance for
maintaining the structural integrity of mitochondrial membranes—the small crosssectional area of its polar headgroups relative to that of its bulky acyl chains can create
a conical shape, which can lead to an increase in membrane tension and transition
temperature within the bilayer (Lewis and McElhaney, 2009). This conical molecular
geometry confers CL the propensity to form inverted hexagonal II (HII) or non-bilayer
forming structures in aqueous environments when in isolation (Figure 1.10B). Nonbilayer forming phospholipids have the tendency to induce an increase in the lateral
pressure profile of the bilayer and thus substantially influence its properties and
architecture (Böttinger et al., 2016). The lateral pressure profile is the distribution of
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lateral stress within the depth of a membrane—a large negative pressure is localized at
the polar-apolar interface between lipid acyl chains and headgroups due to hydrophobic
interfacial tension whereas a positive lateral pressure is localized in the acyl chain
region due to repulsions between hydrocarbon chains (Figure 1.11-1.12A) (van den
Brink-van der Laan et al., 2004). Additionally, in the case of CL, the headgroup region
experiences a repulsive lateral pressure. Since membranes are self-assembled in a
tension-free state, the overall lateral pressure is equal to zero, however CL can induce
an increase in lateral pressure in the acyl chain region, causing curvature stress within
the bilayer (Figure 1.12B) (van den Brink-van der Laan et al., 2004). This curvature
stress can, in turn, cause lipid packing defects over the membrane surface, which can
influence bilayer thickness and create interfacial insertion sites that stimulate the
binding of peripheral membrane proteins (Vamparys et al., 2013). In contrast, bilayer
forming phospholipids such as PC are more cylindrical in shape and favor a flat
(lamellar) bilayer due to the fact that their headgroups and acyl chains have similar
cross-sectional areas (Figure 1.10A). In the case of CL, the existence of non-bilayer
forming structures under physiological conditions is largely disfavored due to repulsion
between its anionic headgroups, however the HII phase can be adopted under certain
conditions that reduce charge density of the headgroup such as in the presence of
divalent cations, low pH, and high ionic strength (Seddon et al., 1983). The non-bilayer
forming propensity of CL is also dictated by the area occupied by its acyl chains—the
addition of one acyl chain (acylcardiolipin) strongly favors the HII phase whereas the
remove of one acyl chain (MLCL) strongly favors the lamellar phase (Powell and Marsh,
1985). The ability of CL to vacillate between lamellar and inverted hexagonal structures
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allows it to adopt a myriad of diverse functional roles within the context of the
mitochondrial membranes.

1.7 Functional Roles of Cardiolipin

CL plays a central role in a host of different reactions and processes involved in
mitochondrial function and dynamics (Paradies et al., 2019). The dianionic charge of
the CL headgroup region has a tremendous impact on the electrostatic properties of
mitochondrial membranes, thereby allowing it to regulate critical processes such as
electrostatic interactions with peripheral and integral membrane proteins and headgroup
coordination of ions (Sathappa and Alder, 2016). Studies have indicated that CL is
functionally required for optimal activity of the respiratory complexes and for proper
maintenance of ΔΨm across the IM. This requirement is attributed to the ability of CL to
facilitate the association and stabilization of respiratory complexes into higher-order
supercomplexes, which can improve the efficiency of oxidative phosphorylation by
eliminating the need for diffusion of substrates and products between individual electron
transport chain components (Schlame et al., 2000; Zhang et al., 2002; Paradies et al.,
2009). Indeed, studies have shown that the stability of the respiratory complexes as well
as the in vivo cooperation of the electron transport chain are compromised in yeast
lacking CL (Claypool et al., 2008). In addition to its role in promoting supercomplex
assembly, CL has been shown to interact with several mitochondrial carrier proteins,
including the ADP/ATP carrier (AAC), which is responsible for mediating the 1:1
exchange of ADP into and ATP out of the mitochondrial matrix across the IM (Claypool,
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2009). The crystal structure of AAC indicates that there are two or three molecules of
CL tightly bound to each monomer of this protein, possibly involved in the stabilization
of its dimeric, active form (Nury et al., 2006). CL has also been implicated in the process
of apoptosis through its interaction with cytochrome c, which binds to CL at two distinct
binding sites via electrostatic and hydrophobic interactions, respectively (Tuominen et
al., 2002). CL not only participates in the electron transfer and radical scavenging
functions of cytochrome c but also promotes its peroxidase activity by destabilizing its
tertiary structure—the subsequent increase of oxidized CL causes cytochrome c to
detach from the IM and release into the cytosol to trigger apoptosis (Kagan et al., 2005;
Paradies et al., 2019). Additionally, CL-deficient yeast cells have been shown to be
deficient in iron-sulfur biogenesis, raising the possibility that iron homeostasis as well as
enzymatic activities requiring Fe-S cofactors rely on CL biosynthesis (Patil et al., 2013).
In addition to its involvement in the energy transduction processes of mitochondria,
CL is predicted to localize at highly curved regions within mitochondrial membranes due
to its conical molecular geometry, making it a critical component in the regulation of
polymorphic phase behavior, spatial organization of mitochondrial proteins, and the
establishment of membrane curvature (Renner and Wiebel, 2011). Membrane fusion
sites, cristae junctions, and cristae tips contain leaflets with high negative curvature and
thus benefit from the ability of CL to stabilize these regions—the importance of this
phenomenon is highlighted by the fact that simultaneous deletion of CL and PE, which
also has non-bilayer forming propensity, is lethal in yeast cells (Ren et al., 2014; Gohil
et al., 2005). Moreover, CL has been shown to regulate the assembly of ATP synthase
into higher order oligomers, which are known to play critical roles in the establishment
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and maintenance of normal cristae morphology (Goyon et al., 2008).

1.8 Cardiolipin and Mitochondrial Protein Import

When one considers the myriad of diverse roles that CL plays within mitochondria, it
is unsurprising to discover that this dynamic phospholipid is also critically important for
protein import across both the OM and the IM. Studies have shown that protein import is
partially defective in yeast cells lacking cardiolipin synthase (Δcrd1) and therefore
lacking CL (Jiang et al., 2000). Interestingly, growth conditions that increase the level of
PG, a monoanionic phospholipid within mitochondrial membranes, are unable to
overcome the protein import defects observed in the CL-deficient yeast strain,
highlighting the importance of the unique structure and dianionic nature of CL (Jiang et
al., 2000). More specifically, CL mediates many of the steps associated with protein
import across the OM—while the binding of preprotein and the association of the Tom22
receptor to the TOM complex are reduced in CL-deficient mitochondria, these functions
remain unaffected in PC-deficient mitochondria (Figure 1.13) (Gebert et al., 2009;
Schuler et al., 2015). The impaired function of the TOM complex in CL-deficient
mitochondria also contributes to reduced preprotein binding to the SAM complex, which
in turn impairs the biogenesis of the OM β-barrel proteins that are essential for cell
survival (Gebert et al., 2009).
Due to its involvement in providing stability to the respiratory complexes, CL is a
critical component in maintaining ΔΨm, which is essential for driving protein import
across the IM. Moreover, studies have shown that the absence of CL causes a reduced
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ΔΨm, which in turn negatively affects the functions of the TIM22 and TIM23 complexes
(Jiang et al. 2000; Malhotra et al., 2013). Interestingly, deletion of PE, another key nonbilayer forming phospholipid of the IM, does not significantly affect these complexes,
further suggesting that CL has a unique role to play in mitochondrial protein
translocation (Tamura et al., 2006). The presence of CL is also important for the overall
assembly and stabilization of both of the modular forms of the TIM23 complex—in vitro
reconstitution methods have revealed that CL is required for successful reconstitution of
the motor-free, TIM23SORT complex in model membrane systems (Figure 1.13) (van der
Laan et al., 2007). Additionally, CL is required for TIM23CORE interaction with the PAM
machinery and subsequent formation of the TIM23MOTOR complex (Kutik et al., 2008;
Tamura et al., 2006). Recent work from our lab has revealed that Tim50IMS interacts
with the lipid bilayer in a CL-dependent manner and that this interaction promotes the
association of Tim50IMS with the Tim23 channel (Malhotra et al., 2017). The matrixfacing Tim44 has also been found to have an inherent affinity for CL-containing bilayers,
highlighting the importance of CL in binding and stabilizing numerous components of
the protein import machinery (Marom et al., 2009).

1.9 Cardiolipin and Tim23IMS

While the individual components of the mitochondrial protein translocase
machineries have been extensively studied, the underlying mechanisms by which the
TOM and the TIM23 complexes cooperate during protein import remain largely
unknown. It has been previously shown that preproteins in transit can span both
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mitochondrial membranes simultaneously at translocation contact sites, which are areas
where the OM and the IM are in close proximity to one another (Schleyer and Neupert,
1985). When matrix-targeted preproteins are arrested in translocation contact sites, the
TOM and the TIM23 complexes are able to be co-purified, highlighting the intimate
association between these two protein translocases (Horst et al., 1995). As such, the
ability of Tim23IMS to interact with the membrane bilayer at two distinct regions is
predicted to allow it to dynamically anchor Tim23 to lipid bilayers, establish translocation
contact sites, and promote cooperation between the TOM and TIM23 complexes.
Detailed analyses of the lipid compositions at translocation contact sites have revealed
that these regions are particularly enriched in CL, comprising approximately 24% of the
total lipid content (Ardail et al., 1990). The two recently identified membrane-binding
regions of Tim23IMS have a pronounced affinity for CL, lending credence to the proposed
idea that this domain functions as a protein import mediator at translocation contact
sites (Bajaj et al., 2014b). Though the enhanced association between Tim23IMS and CL
is an interesting discovery, there is currently very little information regarding the
molecular details of this protein-lipid binding interaction.
Studies have indicated that defects in the human TIM23 complex can lead to
pathological defects and disease, including diabetes, breast cancer, skeletal dysplasia,
Alzhiemer’s disease, and Parkinson’s disease (Demishtein-Zohary and Azem, 2017).
While there is currently no specific disease that is directly linked to Tim23 itself,
homozygous Tim23 knockout mice are not viable, indicating that Tim23 is an essential
protein for mice as well as yeast (Ahting et al., 2009). Moreover, heterozygous Tim23
knockout mice with a 50% reduction of protein levels exhibit a shortened lifespan,
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neurological phenotypes, and signs of premature aging (Ahting et al., 2009; DemishteinZohary and Azem, 2017). Abnormalities occurring in CL structure, content, and acyl
chain composition have also been directly associated with mitochondrial dysfunction
and disease—in addition to Barth Syndrome, aberrant CL metabolism has been linked
to diabetes, thyroid dysfunction, Parkinson’s disease, and cardiovascular disease
(Paradies et al., 2019).
Overall, it is clear that the presence of CL within the OM and IM creates a specific
environment within the mitochondrion that promotes the functions of various protein
machineries. Similarly, various mitochondrial proteins play active roles in driving the
enrichment of CL at specific regions of the bilayers so as to maximize their functional
efficiency. Tim23IMS and CL are both critical components of efficient mitochondrial
protein translocation, however the extent to which they interact with one another
remains poorly understood. A thorough analysis of the mechanisms by which CL
enhances Tim23IMS association with the lipid bilayer is therefore imperative for
understanding the critical details of mitochondrial protein import as well as the basis of
numerous defects and diseases linked with deficient protein transport and dysfunctional
CL synthesis.
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1.10

Figures and Tables

Figure 1.1 Mitochondrial Ultrastructure. (Left) Mitochondria are bound by two
membranes, an outer membrane (OM) and an inner membrane (IM), which delineate
two aqueous compartments: the intermembrane space (IMS) and the matrix. (Right)
The IM is further subdivided into two continuous yet morphologically distinct domains:
the inner boundary membrane and the cristae membrane. The inner boundary
membrane runs parallel to the OM and forms specific contact sites in which the OM and
the IM are in close proximity to one another. The cristae membrane forms tubular
invaginations into the mitochondrial matrix and harbors the oxidative phosphorylation
machinery. The inner boundary membrane is connected to the cristae membrane
through narrow, tubular openings called cristae junctions.
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Figure 1.2 Mitochondrial Protein Import Pathways. Overview of the five major
protein import pathways of mitochondria, each one characterized by its ability to
recognize a specific type of preprotein targeting signal. The TOM complex (pink) is the
general entryway through which the majority of nuclear-encoded mitochondrial proteins
enter into the organelle. The presequence pathway, which involves the TOM, TIM23
(blue), and PAM (yellow) complexes, imports proteins with cleavable presequences,
which are targeted to either the IM (blue line) or the matrix (yellow line). The carrier
pathway (green line), which involves the TOM and TIM22 (green) complexes as well as
the small TIM chaperones (green and orange heterohexameric structures), imports
metabolite carriers containing multiple transmembrane segments with internal noncleavable targeting signals. The pathway for β–barrel OM proteins (orange line), which
involves the TOM and SAM (orange) complexes as well as small TIM chaperones,
imports β–barrel proteins targeted to the mitochondrial OM containing β-hairpin
targeting signals. The pathway for α-helical OM proteins (purple line), which involves the
MIM complex (purple) as well as certain subunits of the TOM complex, imports polytopic
α-helical OM proteins containing multiple transmembrane segment targeting signals.
The pathway for IMS proteins (red line), which involves the TOM complex and the MIA
machinery (red), import proteins that reside within the IMS containing characteristic
cysteine motif targeting signals.
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Figure 1.3 The Presequence Pathway. The presequence pathway imports the vast
majority of mitochondrial matrix and IM proteins, which are characterized by the
presence of a positively charged, amphipathic, cleavable presequence at the Nterminus (gray string). Presequence-carrying proteins are first recognized by Tom20 of
the TOM complex (pink). The newly imported presequence-carrying proteins are then
either laterally inserted into the IM or transported across the IM into the mitochondrial
matrix. These processes require the presence of the TIM23 complex (blue), which
recognizes and mediates the translocation of matrix-targeted proteins across, and the
integration of membrane proteins into the IM, respectively. The lateral sorting of
preproteins into the IM is driven by membrane potential (ΔΨm) across the IM. In order
for preprotein translocation across the matrix to occur, the TIM23 complex associates
with the PAM complex (yellow), which catalyzes an additional ATP-hydrolysis event.
The presequences of both IM- and matrix-targeted preproteins are proteolytically
cleaved by mitochondrial processing peptidase (MPP) once they reach their final
destinations.
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Figure 1.4 Modular Forms of the TIM23 Complex. In order to carry out its functional
roles, the TIM23 complex adopts different modular forms known as “TIM23SORT” and
“TIM23MOTOR”, which consist of the same core subunits (TIM23CORE; blue) but differ in
regard to their accessory subunits and interacting partners. TIM23CORE is comprised of
membrane-embedded proteins Tim23, Tim50, and Tim17. TIM23SORT (green and blue)
is comprised of TIM23CORE proteins as well as Tim21 and Mgr2 and is responsible for
the import and lateral insertion of IM-targeted proteins. TIM23MOTOR (yellow and blue) is
comprised of TIM23CORE proteins as well as PAM complex components Tim44, Pam16,
Pam17, Pam18, mtHsp70, and Mge1 and is responsible for the translocation of matrixtargeted proteins across the IM.
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Figure 1.5 Schematic of Tim23. Topology diagram of Tim23 (blue) in the mitochondrial
IM. Tim23 consists of an intrinsically disordered IMS domain (residues 1-96;
Saccharomyces cerevisiae numbering; protein sequence in the box above) and a
channel-forming domain (residues 97-222) with four transmembrane segments (T1-T4)
and IMS- and matrix-facing loops (L1-L3).
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Figure 1.6 Interactive Regions of Tim23IMS. Summary of currently identified
interaction motifs in Tim23IMS. Tim23IMS has been shown to bind to lipid bilayers at two
distinct regions (residues 1-7 and residues 29-46; blue) and is predicted to tether the
OM to the IM so as to mediate efficient protein translocation. Tim23IMS is able to
homodimerize via a heptad leucine repeat motif present in the C-terminus (residues 5096; orange) in a ΔΨm-dependent manner. This dimer is abolished in the presence of
preprotein, allowing Tim23IMS to bind to the presequence of the preprotein (residues 7184; red) and function as a receptor for mitochondrial protein import. Four distinct regions
of Tim23IMS (residues 1-7, 29-46, 56-78, and 88-94; purple) have been shown to bind to
Tim50IMS in a way that has proven to be critical in allowing the TIM23 complex to
function properly. Tim23IMS contains three distinct regions (residues 1-7, 68-74, and 9096; yellow) that bind weakly to Tim23IMS, suggesting that this domain plays a direct role
in mediating IM-targeted protein import. Finally, Tim23IMS has been shown to interact
with Tom22IMS of the TOM complex in the absence of preprotein (residues 53-61;
green), suggesting that this domain might facilitate the efficient coupling of protein
translocation across the TOM and TIM23 complexes. The conformational and functional
complexity of Tim23IMS is highlighted by the fact that many of its interactive regions
overlap. Figure adapted from Bajaj et al., 2014b.
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Figure 1.7 Chemical Structure of Cardiolipin. Chemical structure of tetraoleoyl
cardiolipin (TOCL; 1’,3’-bis[1,2-dioleoyl-sn-glycero-3-phospho]-sn-glycerol). Cardiolipin
has unique structural and chemical characteristics in that it has two ionizable phosphate
headgroups esterified to the sn-1 and sn-3 positions of a central glycerol moiety and
thus four fatty acid acyl chains.
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Figure 1.8 Cardiolipin Biosynthesis and Remodeling in Yeast. Phosphatidic acid
(PA; red) is synthesized in the Mitochondrial Associated Membrane (MAM) of the
endoplasmic reticulum (ER) and is trafficked across the IMS into the IM by the Mdm35stabilized Ups1 lipid transfer protein. Once delivered to the IM, PA traverses to the
matrix-facing side of the IM, where cardiolipin (CL) biosynthesis begins. The first
reaction of de novo CL synthesis is the conversion of PA to CDP-diacylglycerol (CDPDAG; orange) by Tam41. The phosphatidyl group of CDP-DAG is then transferred to
glycerol-3-phosphate to generate phosphatidylglycerolphosphate (PGP; yellow+P)
through a reaction that is catalyzed by Pgs1, after which it is dephosphorylated by Gep4
to become phosphatidylglycerol (PG; yellow). CL synthase (Crd1) then adds a
phosphatidyl group from CDP-DAG to PG to produce immature CL (blue), which is
characterized by an asymmetrical assortment of saturated acyl chains. In order to
achieve acyl chain symmetry, immature CL undergoes an additional remodeling
pathway in which the CL-specific phospholipase Cld1 removes an acyl chain to
generate the remodeling intermediate monolysocardiolipin (MLCL; green). After its acyl
chain removal, MLCL then either flips to the IMS-facing side of the IM or gets
transported to the OM. Transacylase tafazzin (Taz1), which is localized to both the IMSfacing side of the IM and the IMS-facing side of the OM, then removes an acyl chain
from a donor phospholipid and attaches it to MLCL so as to regenerate tetraacyl CL.
Cycles of subsequent deacylation and reacylation yield mature CL (purple) with an acyl
chain composition that is species- and tissue-specific and enriched in unsaturated fatty
acids. In this figure, arrows with solid lines indicate known processes whereas those
with dotted lines indicate unknown processes. Figure adapted from Baile et al., 2014a.
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Figure 1.9 Chemical Structure of Resonance-Stabilized Cardiolipin. The chemical
structure of TOCL with bicyclic resonance-stabilized headgroups. In this model, the 2’hydroxyl group engages in strong hydrogen bonding interactions (dashed lines) with
one of the phosphate moieties, stabilizing its protonated form and yielding a net charge
of -1 at physiological pH. Work from our group and others’ have disputed this model,
showing that CL exists in a fully ionized, dianionic state under physiological conditions.
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Figure 1.10 Lipid Molecular Geometry and Phase Behavior. Schematic
representation of phospholipid shape and its associated effect on polymorphic phase
behavior. A) Lipids that are considered to be “cylindrical” in shape have polar
headgroups and acyl chains with similar cross-sectional areas, allowing them to
optimally pack side by side within the context of a plane to form lamellar phases, or flat
bilayers with zero curvature and minimal headgroup packing defects. B) Lipids that are
considered to be “conical” (e.g. CL) have headgroups with smaller cross-sectional areas
than those of their bulky acyl chains, conferring them the propensity to form inverted
hexagonal II (HII) or non-bilayer forming phase structures with negative curvature in
isolation. When such lipids are forced within the context of a flat bilayer, they may
substantially influence the chemical properties and molecular architecture of the bilayer
by inducing headgroup packing defects, increasing membrane tension, and altering
transition temperature.
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Figure 1.11 Lateral Pressure Profile of a Lamellar Bilayer. Schematic representation
of the lateral pressure profile in a lamellar phospholipid bilayer, where lateral pressure
(π) is indicated as a function of the depth (z) in the membrane. Bilayer pressure is
composed of repulsive, positive pressure peaks localized in the headgroup and acyl
chain regions as well as negative interfacial tension at the polar/nonpolar interface
originating from the hydrophobic effect.
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Figure 1.12 Effects of Conical Lipids on Lateral Pressure Profile. The predicted
effect of conical phospholipids (e.g. CL) on bilayer properties represented as changes
within the lateral pressure profile of the bilayer, where lateral pressure (π) is indicated
as a function of the depth (z) in the membrane. A) A bilayer consisting of only cylindrical
lipids yields a lateral pressure profile composed of repulsive, positive pressure peaks
localized in the headgroup and acyl chain regions as well as negative interfacial tension
at the polar/nonpolar interface originating from the hydrophobic effect. Since these
bilayers are self-assembled in a tension-free state, the overall lateral pressure is equal
to zero. B) A bilayer consisting of a mixture of cylindrical and conical lipids yields a
lateral pressure profile with marked differences compared to that of the cylindrical lipidonly model. Specifically, the increase in repulsive acyl chain pressure caused by greater
volume occupancy of the fatty acid tails is coupled with a decrease in repulsive
headgroup lateral pressure, which is associated with headgroup packing defects.
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Figure 1.13 Cardiolipin-Mediated Interactions of the Presequence Pathway
Machinery. Summary of the various components of the presequence pathway
machinery that are directly mediated by CL (red). Studies have shown that protein
import across both the OM and the IM is defective in yeast lacking CL. The ability of
preprotein to bind to the Tom22 receptor of the TOM complex is significantly reduced in
CL-deficient mitochondria. Due to its involvement in providing stability to the respiratory
complexes, CL is a critical component in maintaining mitochondrial membrane potential
(ΔΨm), which is essential for driving protein import across the IM. CL has been shown to
be critical for the assembly and structural stability of the TIM23 complex as a whole.
More specifically, CL is required for TIM23CORE interaction with key components of the
PAM machinery and subsequent formation of the TIM23MOTOR complex as well as
successful reconstitution of the motor-free, TIM23SORT complex in model membrane
systems. Work from our lab has revealed that Tim50IMS interacts with the lipid bilayer in
a CL-dependent manner and that this interaction promotes the association of Tim50IMS
with the Tim23 channel. Tim44 has also been found to have an inherent affinity for CLcontaining bilayers, highlighting the importance of CL in binding and stabilizing
numerous components of the protein import machinery. The membrane binding regions
of Tim23IMS have recently been shown to have a pronounced affinity for CL, lending
credence to the idea that this domain functions as a protein import mediator across
translocation contact sites, which are enriched in CL. Though the enhanced association
between Tim23IMS and CL is an interesting discovery, there is currently very little
information regarding the molecular details of this protein-lipid binding interaction.
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Chapter 2

Methodologies for Quantitative Analysis of the
Membrane Binding Interactions of Intrinsically Disordered Proteins
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2.1 Introduction

Peripheral membrane proteins associate reversibly with biological membranes in
order to perform a myriad of diverse cellular functions, including signaling, electron
transport, structural maintenance, and membrane trafficking between organelles.
Because the chemical composition and physical properties of membranes vary
depending on the primary functionality of their respective subcellular compartments, it is
imperative that peripheral membrane proteins possess versatile features so as to
recognize and engage their proper membrane targets transiently and dynamically.
Intrinsically disordered proteins (IDPs) are able to effectively carry out these types of
cellular functions as they interact reversibly with a variety of molecular binding partners
and can respond rapidly to environmental stimuli (Das and Eliezer, 2019). The binding
promiscuity of IDPs is primarily driven by the fact that these proteins often possess low
sequence complexity, conformational flexibility, small recognition elements that may fold
upon partner binding, accessible sites for post-translational modifications, and
conserved sequence motifs that allow them to bind with high specificity and low affinity
(Wright and Dyson, 2015).
In the context of protein and membrane interactions, the term “binding” has been
suggested to refer to phenomena such as partitioning and adsorption rather than
specific complex formation between an individual protein and an individual lipid (Seelig,
2004). As such, the mechanisms by which IDPs associate with membrane surfaces are
highly complicated and vary significantly. While many IDPs bind to membranes through
a combination of hydrophobic and electrostatic interactions, bilayer structural features
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such as lipid headgroup packing and membrane curvature have also been shown to
play important roles in facilitating these interactions (Middleton and Rhoades, 2010).
Lipids with similar physicochemical properties have been shown to localize at specific
regions of membranes, thereby forming “patches” that selectively attract specific IDPs to
their designated targets (Seelig, 2004). While many IDPs undergo a disorder-to-order
transition and adopt an α-helical conformation upon binding to their target membranes,
others remain unstructured and utilize individual side chains to interact with either the
charged lipid headgroups or the hydrophobic interiors of their membrane targets (Dyson
and Wright, 2002; Seelig, 2004; Das and Eliezer, 2019; Zhang et al., 2003).
Understanding the underlying mechanism by which a given IDP binds to a membrane is
critical in elucidating its functional roles and biological consequences. Moreover, IDPs
have been linked to a variety of diseases, making them ideal targets for the early drug
discovery process (Ambadipudi and Zweckstetter, 2016).
In order to elucidate the function of a given membrane-interacting IDP
experimentally and achieve a comprehensive understanding of the significance of such
an association, one must pursue a quantitative approach in which the affinity and
specificity of the interaction as well as the structural modulations of the protein and the
membrane are directly measured. Although the diverse, highly dynamic, and low affinity
nature of many IDP and membrane interactions render traditional structural techniques
such as X-ray crystallography and single-particle electron microscopy ineffective,
spectroscopic approaches have proven to be highly useful and complementary tools for
providing real-time, atomistic details of IDP and membrane binding (Ambadipudi and
Zweckstetter, 2016). This chapter will focus on the utilization of fluorescence and solid-
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state nuclear magnetic resonance (ssNMR) spectroscopies as key techniques for
quantifying IDP and membrane binding interactions. These two methodologies, which
can be applied to any system involving membrane-interacting proteins or peptides, are
particularly useful for IDP studies as they offer highly sensitive, non-destructive, and
multidimensional measurements of reversible membrane interactions in single-residue
resolution (Das and Eliezer, 2019). To reliably examine and quantify the interaction of
IDPs and membranes with fluorescence and solid-state NMR spectroscopies, one must
first design a model membrane system in which the lipid composition and
physicochemical properties of the model mimics the biological membrane of interest
(Zhao and Lappalainen, 2012).

2.2 Liposomes

Liposomes are vesicles composed of individual lipid molecules that are arranged
into spherical lipid bilayers and encapsulate an aqueous core. The formation of these
vesicles occurs when individual lipid molecules are hydrated in an aqueous solution,
causing them to self-assemble into bilayers in a manner driven by the hydrophobic
effect. Liposomes are useful tools for protein and membrane binding studies because
they are able to mimic the structure and chemical properties of a lipid bilayer while
simplifying the experimental system, thereby allowing one to probe the functions and
dynamics of individual protein and lipid components within the system (Chan and Boxer,
2007). Liposome preparation begins when a stock solution containing lipids that are
dissolved in organic solvent are dried to produce a lipid film. This lipid film is
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subsequently hydrated with an aqueous solution to produce multilamellar vesicles
(MLVs), which are composed of several spherical lipid bilayers and are approximately 1
μm in diameter (Figure 2.1). Although MLVs are frequently used for industrial
applications such as drug delivery, they are unsuitable for studies that focus on the
quantitation of binding interactions due to their large size, heterogeneity, and
nonequilibrium distribution of solutes within their internal aqueous compartments (Zhao
and Lappalainen, 2012; Jesorka and Orwar, 2008). To circumvent these issues, MLVs
can be downsized and homogenized into large unilamellar vesicles (LUVs), which are
composed of a single spherical bilayer and are more amenable to spectroscopic
characterization of protein and lipid binding (Figure 2.1) (Zhao and Lappalainen, 2012).
There are several different strategies for preparing LUVs, however the two that are most
frequently employed are the force extrusion method and the freeze-thaw method. In the
force extrusion method, a lipid suspension containing MLVs is forced through a
polycarbonate filter with a syringe to generate vesicles with a diameter near the pore
size of the filter (typically 0.1-0.5 μm) (Zhao and Lappalainen, 2012). In the freeze-thaw
method, a lipid suspension containing MLVs is submerged in liquid nitrogen and
subsequently thawed at a temperature above the phase transition of the lipids. This
cycle is then repeated four or five times to ensure that the lamellarity of the liposomes is
reduced and that a less polydispersed system is generated (Costa et al., 2014). Overall,
LUVs are easily synthesized and structurally stable model membrane systems, making
them ideal tools for the spectroscopic investigation of protein and lipid binding.

2.3 Fluorescence Spectroscopy
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Having underscored the importance of designing a model membrane system
which accurately represents the physicochemical properties of the biological membrane
of interest, the focus will now shift to the mechanistic details and technical advantages
of fluorescence and solid-state NMR spectroscopies for the quantitation of IDP and
membrane biomolecular interactions.
Fluorescence occurs when a fluorescent molecule (fluorophore) absorbs a
photon (elementary particle) and shifts from a ground electronic state to a high-energy
excited electronic state. The fluorophore briefly occupies this excited energy state
before relaxing back to its equilibrium ground state with the simultaneous emission of a
fluorescent photon. The intensity of this emitted photon is dependent on various
environmental factors. The rate of fluorescence emission of a given fluorophore is
typically 108 s-1, resulting in a fluorescence lifetime of 10 ns (Lakowicz, 2006).
Fluorescence-based approaches are useful for investigating IDP and membrane binding
interactions due to their intrinsic sensitivity, specificity, appropriate timescale, and nondestructive nature (Zhao and Lappalainem, 2012). Additionally, fluorescence
measurements are made under equilibrium conditions, making them well-suited for the
quantitation of thermodynamic and binding parameters (Alder, 2019). Before we
address the specific applications of fluorescence spectroscopy in the study of IDP and
membrane binding, we will review the fundamental theory and principles of the
photophysical processes that are associated with fluorescence.

Theory and Principles
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Spectroscopy is based on the interaction of electromagnetic (EM) radiation with
matter. EM radiation is considered to have wave-particle duality. As a transverse wave,
"⃗) fields that oscillate perpendicular to the
EM radiation has electric (𝐸"⃗ ) and magnetic (𝐵
direction of energy propagation (Figure 2.2). The 𝐸"⃗ wave can be described as
𝑐 = 𝜆𝜈
where 𝑐 is the speed of light in a vacuum (3.00 x 108 m/s), 𝜆 is the wavelength (nm), or
the distance between successive wave crests, and 𝜈 is the frequency (s-1 or Hz), or the
number of crests passing a fixed point per second (Allisy-Roberts and Williams, 2008).
As an entity consisting of discrete particles (photons), EM radiation contains a precise
amount of energy (quantum) within each photon, which can be described as
𝐸)*+,+- = ℎ𝜈 =

ℎ𝑐
= ℎ𝑐𝜈̅
𝜆

where ℎ is the Planck constant (6.626 x 10-34 J s) (Brune, 2018). In this way, 𝐸)*+,+- is
proportional to frequency and inversely proportional to wavelength.
As was mentioned above, the process of fluorescence begins when a
fluorophore absorbs a photon and transitions among various molecular energy levels.
These molecular energy levels consist of discrete electronic energy states (Sn), which
are further separated into multiple sublevels representing the vibrational (Vn) and
rotational (Rn) energies of the fluorophore (Figure 2.3A) (So and Dong, 2002; Albani,
2007). Electronic energy transitions are commonly illustrated by a Jablonski diagram,
which provides a simple representation of molecular energy levels (Figure 2.3B). At
equilibrium, a fluorophore exists in a given Rn of the lowest accessible Vn within its
ground energy state (S0). Upon absorption of a photon, a valence electron transitions to
one of the many vibrational energy levels (Vn>0) within the accessible excited electronic
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state (Sn>0). The efficiency of an absorption event can be described by the BeerLambert Law
𝐼8
𝐴(𝜆) = log 6 9 𝜀(𝜆)𝑐𝑙
𝐼
where 𝐴(𝜆) is the absorbance (ratio of incident (𝐼8 ) to transmitted (𝐼) light), 𝜀 is the molar
extinction coefficient (M-1 cm-1), 𝑐 is concentration (M), and 𝑙 is the light path (cm)
(Albani, 2007).
The absorption of a photon causes the electron cloud distribution of a fluorophore
to become altered, thereby creating an asymmetrical separation of charges, or a
molecular dipole moment. This molecular dipole moment allows the fluorophore to
interact with neighboring molecules and transfer excess energy, causing the fluorophore
to lose vibrational energy and subsequently relax to V0 within its excited energy state.
This relaxation process, which is referred to as internal conversion, often entails an
adjustment of the interactions and orientations between the fluorophore and the local
solvent molecules and occurs in a non-radiative manner (i.e. without the emission of a
photon) (So and Dong, 2002; Lakowicz, 2006).
Fluorescence occurs when a fluorophore decays from V0 of its excited energy
state to a V(n>0) within S0 with the concurrent emission of a photon. Once it has returned
to S0, the fluorophore will relax to V0 to achieve equilibrium. De-excitation of a
fluorophore can occur via an alternative radiative process known as phosphorescence.
Upon excitation, a fluorophore can undergo intersystem crossing from spin-orbit
coupling, or coupling between spin and orbital magnetic moments (Föll et al.,1990).
During intersystem crossing, a fluorophore transitions from an excited singlet state (S1)
to an excited triplet state (T1) (So and Dong, 2002). In S1, the electron in the excited
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orbital is paired by opposite spin to the second electron in the ground-state orbital
whereas in T1, the electron that is energetically promoted has the same spin orientation
(parallel) as the second unpaired electron (Figure 2.3B) (Lakowicz, 2006). Because
transitions from T1 to S0 are forbidden by the rules of quantum mechanics,
phosphorescence occurs at a much lower rate than fluorescence (So and Dong, 2002).
In addition to these radiative processes, de-excitation of a fluorophore can occur
through various non-radiative mechanisms such as internal conversion and
intermolecular processes involving chemical reactions or biomolecular interactions (e.g.
fluorescence quenching) (Figure 2.3B). Overall, the decay of a fluorophore from an
excited electronic energy state to S0 occurs spontaneously and randomly via a
combination of radiative and non-radiative mechanisms working in conjunction. To
quantify the efficiency of a given fluorescent event, one can calculate the fluorescence
quantum yield (Φ), which is a ratio of the number of photons emitted to the number of
photons absorbed in the system, or
Φ=

𝑘>
(𝑘> + 𝑘-> )

where 𝑘> is the emissive rate of the fluorophore and 𝑘-> is the rate of non-radiative
decay to S0 (Lakowicz, 2006; Alder, 2019).
The Jablonski diagram reveals that the energy of fluorescence emission is
typically less than that of absorption. This phenomenon, which is referred to as the
Stokes shift, is generally caused by the loss of vibrational energy that the fluorophore
experiences as it interacts with neighboring molecules while in its excited electronic
state (Figure 2.4) (Abbyad et al., 2007). The intensity of the light emitted during a
fluorescent event depends on the probability of the fluorophore absorbing light of a
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particular wavelength (𝜀(𝜆)) as well on (Φ). In fluorescence spectroscopy, this emission
intensity is measured over a range of wavelengths with a fluorometer such that
characteristic emission spectra are generated. The properties of these spectra can
reveal invaluable information about the molecular interactions or environment of a given
fluorophore.

Intrinsic Tryptophan Fluorescence
Although the mechanisms by which IDPs bind to membranes vary widely, these
interactions are most frequently driven by noncovalent attractive forces between specific
amino acid patches of the protein and lipid headgroups. As such, one can fluorescently
monitor these types of interactions by designing an experimental system in which one or
more amino acid residues of the protein’s binding patch is labeled with a fluorescent
reporter that undergoes specific spectral changes during the binding event. While there
is a plethora of commercially available exogenous fluorescent probes that are amenable
for these types of experiments, the addition of these probes to a protein of interest often
entails tedious and time-consuming covalent modification procedures that can alter the
structural and functional properties of the protein (Ghisaidoobe and Chung, 2014). To
circumvent these issues, one can strategically design experiments that exploit the
intrinsically fluorescent nature of proteins. Tryptophan (Trp), tyrosine (Tyr), and
phenylalanine (Phe) contain optically active aromatic side chains that can absorb light in
the UV range, making them “natural” fluorescent probes. While these three amino acids
are relatively rare in proteins (Trp is present at 1 mole% of a protein), this rarity is
actually advantageous for fluorescence experiments—if a protein contains just one or a
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few aromatic amino acid residues, fluorescence spectral data will be less convoluted
and easier to interpret (Lakowicz, 2006).
Of the three aromatic amino acids, Trp has the highest Φ, absorbs at the longest
wavelength (280 nm), and displays the largest 𝜀(𝜆), making it the predominant intrinsic
fluorophore in proteins (Alder, 2019). Trp is a particularly useful fluorescent probe for
the quantitative characterization of IDP and membrane binding interactions due to its
favorable location within membrane-interacting proteins. Trp residues of integral and
peripheral membrane proteins have been shown to preferentially localize at specific
regions of the proteins that interact with the membrane lipid/water interface, thereby
functioning as “lipid anchors” that stabilize these interactions (Killian et al., 1996). This
interfacial localization can be attributed to the versatile molecular properties of Trp. Trp
has amphipathic features in that it exhibits a large nonpolar surface area and also
possesses an indole moiety serving as a hydrogen bond donor (Sanchez et al., 2011).
Additionally, Trp has an electrostatic potential for cation-π interactions with lipid
headgroups, making it well-suited for molecular interactions at the interfacial region of
the bilayer (Graufell et al., 2013). If a given IDP harbors a Trp residue at its membranebinding interface, Trp fluorescence can be easily used to non-invasively probe its
interaction with the membrane (Kraft et al., 2009).
In addition to its strategic location within membrane-interacting proteins, Trp is a
highly useful reporter of IDP and membrane interactions due to its inherent sensitivity to
the polarity of its surrounding environment. The fluorescence emission properties of Trp
differ significantly depending on whether it is in a polar or a nonpolar environment. This
environmental sensitivity is attributed to the fact that the indole group of Trp has two
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overlapping S0 to S1 electronic state transitions referred to as 1La and 1Lb (Figure 2.5A).
The1La state is more solvent-sensitive than the 1Lb state due to its large excited-state
dipole moment and hydrogen bonding capacity. As such, the 1La transition shifts to
lower energies in polar solvents, resulting in an increase in emission wavelength (red
shift) and a general decrease in Φ (Lakowicz, 2006). In a hydrophobic environment (e.g.
lipid bilayers), the 1Lb state may have the lowest energy with respect to the 1La state and
will dominate the emission of Trp, resulting in a blue shift in the spectral emission and a
general increase in Φ (Figure 2.5B) (Ghisaidoobe and Chung, 2014).
The application of this technique in the characterization of IDP and membrane
binding involves designing an experiment in which emission spectra of a given Trpcontaining protein are obtained in the presence and absence of LUVs. Changes in the
intensity and/or wavelength of maximum emission that occur from the transitioning of
the fluorophore from a polar to nonpolar environment can then be compared and
analyzed. More elaborate experiments involving titrations of protein or LUVs will
generate data that can be fit to binding models and subsequently quantified. These
strategies will be discussed later in this chapter.
As is the case with most techniques, intrinsic Trp fluorescence of IDP and
membrane interactions has some inherent challenges, many of which are associated
with the spectral analysis of LUVs. When fluorescence emission of samples containing
LUVs are measured, the spectra are oftentimes distorted by high, wavelengthdependent scattering of light from the vesicles (Ladokhin et al., 2000). Light scattering
can introduce various problems to the experimental system, including scattered light in
the emission pathway, loss of fluorescence intensity due to attenuation of excited light,
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loss of fluorescence intensity due to attenuation of emitted light, and an apparent red
shift of the fluorescence spectrum (Ladokhin et al., 2000). To avoid light scattering, one
can exploit the properties of light polarization, which occurs when the electric field
vectors of light are restricted to a single plane by optic filtration. Because scattered light
maintains the polarization of an excitation beam, the use of a polarizing filter in the
emission pathway may reduce the presence of scattered light in the emission signal
(Ladokhin et al., 2000). Moreover, a cross-oriented configuration of polarizers (Expol =
90°, Empol = 0°) has been shown to provide maximal suppression of vesicle scattered
light (Ladokhin et al., 2000). In addition to LUV light scattering, resonance energy
transfer from Tyr to Trp residues can occur, thereby convoluting the observed spectral
properties in an experimental system. To prevent this energy transfer from occurring,
one can simply excite the Trp of interest with a relatively longer excitation wavelength of
295 nm.

Fluorescence Anisotropy
Due to the inherent sensitivity of Trp emission measurements to light path and
environmental factors such as LUV light scattering and amino acid energy transfer, it is
useful to utilize a complementary, intensity-independent technique so that the binding
properties of a given IDP and membrane can be verified. Fluorescence anisotropy is an
alternative approach to binding characterization that measures the average angular
displacement of a fluorophore between absorption and emission of a photon, which
depends on the rate and extent of rotational diffusion that occurs during the lifetime of
the excited state of the fluorophore (Lakowicz, 2006). Rotational diffusion can be
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influenced by various properties, including the viscosity of the solvent and the
size/shape of the rotating molecule (Gijsbers et al., 2016; Lakowicz, 2006). Anisotropy
is based on the principle that a fluorophore that is excited with polarized light will
subsequently emit partially polarized light. The relative polarization of the emitted light is
dependent on how quickly the fluorophore is rotating in solution—the faster the rotation,
the more depolarized the emitted light will be (small anisotropy value) whereas the
slower the rotation, the more the emitted light retains polarization (large anisotropy
value). In this way, an IDP with a fluorophore (e.g. Trp) at its membrane-interacting
region will emit more highly polarized light and will have a larger anisotropy value when
it is rigidly bound to a membrane system than when it is free to tumble in solution
without its biological target.
During a fluorescence anisotropy experiment, an excitation polarizer is placed in
the light path (x-axis) of fluorometer to produce plane-polarized light emitted in a single
orientation along the z-axis (Figure 2.6). The probability that a fluorophore within a
sample chamber will absorb this light is directly proportional to cos B 𝜃, where 𝜃 is the
angle between the transition dipole moment of the fluorophore (𝜇E ) and the vertically
polarized light (Alder, 2019). Fluorophores that are aligned parallel to the z-axis (𝜃 = 0° )
will absorb light with maximum efficiency, those that are aligned perpendicular to the zaxis (𝜃 = 90° ) will not absorb any light, and those that are aligned with an intermediate
orientation (0° < 𝜃 < 90° ) will absorb light with intermediate efficiency. When the emitted
polarized light hits the fluorophores within the sample chamber, some of the
fluorophores will become excited and their 𝜇E will orient along the 𝐸"⃗ of the polarized
light in an anisotropic manner (Alder, 2019; Lakowicz, 2006). Once excited, the

54

fluorophores will randomly tumble in solution, thereby reorienting their 𝜇E and
subsequently emitting either polarized or depolarized light. The relative degree of
polarized light emission is detected by different emission polarizers within the
instrument. When the emission polarizer is oriented parallel (∥) to the 𝐸"⃗ of the polarized
excitation, the observed intensity is called I∥ . Likewise, when the polarizer is oriented
perpendicular (⊥) to the 𝐸"⃗ of the polarized excitation, the intensity is called IM . These
intensity values are used to calculate the anisotropy, which is given as
𝑟=

𝐼∥ − 𝐼M
𝐼∥ + 2𝐼M

The distribution of 𝜇E of fluorophores that tumble rapidly in solution will be more
isotropic, thereby emitting less polarized light and yielding low anisotropy values.
Conversely, fluorophores that are motionally restricted will maintain polarized emission
and will yield higher anisotropy values. In earlier publications, the term “polarization” is
frequently used in lieu of anisotropy (Lakowicz, 2006). Polarization is given by
𝐼∥ − 𝐼M
𝐼∥ + 𝐼M

𝑃=

and can be interchanged with anisotropy values using
𝑃=

3𝑟
2+𝑟

𝑟=

2𝑃
3−𝑃

and

While polarization and anisotropy contain the same information, anisotropy is typically
preferred due to the fact that it is normalized by the total light intensity (Alder, 2019;
Lakowicz, 2006).
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The most frequently used method in fluorescence anisotropy experiments is
based on the L-format, in which fluorescence emission intensities are measured with
excitation and emission polarizers oriented in four different configurations using a single
channel of a photodetector (Figure 2.7). These configurations include vertically
polarized excitation with vertically polarized emission (IVV), vertically polarized excitation
with horizontally polarized emission (IVH), horizontally polarized excitation with vertically
polarized emission (IHV), and horizontally polarized excitation with horizontally polarized
emission (IHH). Because fluorometer monochromators (optical devices that select a
narrow band of light wavelengths) will usually have a different transmission efficiency for
vertically and horizontally polarized light, it is important to adjust readings based on
these efficiencies to obtain accurate measurements of I∥ and IM (Matsuzawa et al.,
2007; Gijsbers et al., 2016; Alder, 2019). To correct differential transmission of the two
light vector orientations, one should measure the grating (G) factor, which is defined as
𝐺=

𝐼TU
𝐼TT

In this way, the steady-state anisotropy can be calculated as
𝑟̅ =

𝐼UU − 𝐺𝐼UT
𝐼UU + 2𝐺𝐼UT

As a reporter of rotational freedom, fluorescence anisotropy is an extremely
useful technique for analyzing IDP and membrane binding interactions. As such, one
can design an experiment in which the fluorescence anisotropy values of a given Trpcontaining protein are obtained in the presence and absence of LUVs. As was stated
above, high anisotropy values indicate that the protein of interest is rigidly bound to its
membrane target whereas small anisotropy values indicate that the protein maintains a
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high degree of rotational mobility. As is the case with intrinsic Trp fluorescence, more
elaborate experiments involving titrations of protein or LUVs and subsequent anisotropy
measurements will generate data that can be fit to binding models.

Quantifying Membrane Binding by Equilibrium Binding Parameters
Having discussed the ways in which Trp fluorescence and fluorescence
anisotropy can qualitatively characterize the environmental and rotational changes that
a given IDP experiences upon binding to its membrane target, we will now focus on the
methods by which the data generated from these techniques can be directly applied to
binding affinity quantitation. In general, binding affinity describes the relative strength of
a reversible, noncovalently-stabilized interaction between a macromolecule (protein or
peptide) and its binding partner (ligand). A simplistic binding interaction can be
described by the equilibrium expression
𝑃 + 𝐿 ⇄ 𝑃𝐿
where P is a free macromolecule, L is a free ligand, and PL is a bound complex formed
by the macromolecule and ligand. This interaction is characterized by an equilibrium
constant, KA, such that
𝐾E =

[𝑃𝐿]
𝑘[
=
[𝑃][𝐿] 𝑘\

where ka and kd are the forward (association) and reverse (dissociation) rate constants,
respectively. The term KA is an association constant that describes the equilibrium
between the complex and the unbound components of the complex. KA is in units of
inverse molarity (M-1) with a higher value indicating a stronger interaction between P
and L. The affinity of a binding interaction is more commonly characterized in terms of
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the equilibrium constant for the dissociation reaction (KD), which is simply the reciprocal
of KA:
𝐾] =

[𝑃][𝐿] 𝑘\
=
[𝑃𝐿]
𝑘[

In this way, KD is expressed in units of molarity (M) with a lower value indicating tighter
binding (higher [PL]).
Binding is not considered to be an “all-or-nothing” phenomenon—each L and P is
either bound or free and a given system contains both of these species (Shriver and
Edmondson, 2009). As such, the simple binding equilibrium expression can be
expanded upon to account for the concentrations of free macromolecule ([P]), free
ligand ([L]), total macromolecules ([P0]), and total ligand ([L0]) in a system such that
[𝑃8 ] = [𝑃] + [𝑃L]
and [𝐿8 ] = [𝐿 ] + [𝑃𝐿]
If one wishes to obtain the KD value for a given P and a range of L under certain
conditions, the ultimate challenge lies in quantifying this parameter based on
measurable concentrations. While the [P0] and [L0] in a given experimental system are
known quantities, the relative [P] and [L] at each titration point are unmeasurable. As
such, one can assume that the concentration of total ligand is significantly greater than
that of the ligand binding sites ([L0]>>[P0] so that the binding of L to P does not
appreciably change the concentration of free (unbound) ligand ([L]). In this type of “free
ligand approximation” scenario, [P0] is known, [PL] can be measured, and [L] is known
at each titration point because of the [L] = [L0] assumption. Mathematically, this
assumption is derived as follows:
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𝐾] =

[𝑃][𝐿] ([𝑃8 ] − [𝑃𝐿])([𝐿])
=
[𝑃𝐿]
[𝑃𝐿]

𝐾] [𝑃𝐿 ] = [𝑃8 ][𝐿] − [𝑃𝐿][𝐿]
𝐾] [𝑃𝐿 ] + [𝑃𝐿][𝐿] = [𝑃8 ][𝐿]
[𝑃𝐿](𝐾] + [𝐿]) = [𝑃8 ][𝐿]
[𝑃𝐿] =

[𝑃8 ][𝐿]
𝐾] + [𝐿]

[𝑃𝐿] =

[𝑃8 ][𝐿8 ]
𝐾] + [𝐿8 ]

In this case, [L0] is a known value because it corresponds to the total amount of ligand
that was added to the system. This equation can be expanded upon further in order to
obtain the fractional saturation (θ) of the system, which is the extent to which the
binding sites on a macromolecule are filled with ligand. This can be done by dividing
both sides of the above equation by [P0] so that
𝜃=

[𝑃𝐿]
[𝐿8 ]
=
[𝑃8 ] 𝐾] + [𝐿8 ]

In other words,
𝜃=

𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑠𝑖𝑡𝑒𝑠 𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑
𝑡𝑜𝑡𝑎𝑙 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑠𝑖𝑡𝑒𝑠

In this scenario, when [L] = KD, half of the ligand binding sites are occupied. That is,
[𝑃𝐿] =

[𝑃8 ][𝐿] [𝑃8 ]
=
2[𝐿]
2

The curve defined by this “simple equation” of fractional saturation is commonly referred
to as a “binding isotherm” and is analogous to Michaelis-Menten enzyme kinetics
(Figure 2.8).
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Although the free ligand approximation is valid under conditions of relatively
weak binding, one cannot assume that [L] is equal to [L0] in tight-binding scenarios
where the KD value is comparable to [P]. In these situations, [L] decreases significantly
during the course of a titration experiment. As such, one must use a more general form
of the above binding equation that explicitly accounts for both [L] and [L0].
𝐾] =

[𝑃][𝐿] ([𝑃8 ] − [𝑃𝐿])([𝐿8 ] − [𝑃𝐿])
=
[𝑃𝐿]
[𝑃𝐿]

𝐾] [𝑃𝐿] = ([𝑃8 ] − [𝑃𝐿])([𝐿8 ] − [𝑃𝐿])
𝐾] [𝑃𝐿] = ([𝑃8 ][𝐿8 ]) − ([𝑃𝐿][𝐿8 ]) − ([𝑃𝐿][𝑃8 ]) + [𝑃𝐿]B
[𝑃𝐿]B − (𝐾] + [𝐿8 ] + [𝑃8 ])([𝑃𝐿]) + ([𝑃8 ][𝐿8 ]) = 0
This final equation is a quadratic in [PL] of the form ax2 + bx + c = 0. One can therefore
use the quadratic formula:
𝑥=

−𝑏 ± √𝑏 B − 4𝑎𝑐
2𝑎

in which a = 1, b = -(KD+L0+P0), and c = ([P0][L0]).
In this way,
[𝑃𝐿] =

(𝐾] + [𝐿8 ] + [𝑃8 ]) − o(𝐾] + [𝐿8 ] + [𝑃8 ])B − 4([𝑃8 ][𝐿8 ])
2

This equation can also be described in terms of fractional saturation such that
𝜃=

[𝑃𝐿] (𝐾] + [𝐿8 ] + [𝑃8 ]) − o(𝐾] + [𝐿8 ] + [𝑃8 ])B − 4([𝑃8 ][𝐿8 ])
=
[𝑃8 ]
2[𝑃8 ]

The quadratic binding equation allows one to calculate fractional binding based solely
on the measurable quantities of P0, L0, and KD without making the assumption that [L] =
[L0] over the course of the titration, resulting in a much tighter curve fit for a given
dataset (Figure 2.9).
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In fluorescence anisotropy and intrinsic Trp fluorescence emission experiments,
the protein of interest contains the reporter whose fluorescence properties change upon
binding to a lipid bilayer. In these cases, the anisotropy values or emission intensities of
fixed amounts of protein are measured while LUVs are subsequently titrated into the
systems. To apply these kinds of experimental data to the formalisms shown above,
one typically considers the protein to be the macromolecule (P) and the lipids to be the
ligands (L) (Figure 2.10A). As was mentioned in the introductory portion of this chapter,
a protein and lipid interaction does not typically result in the formation of a specific
“complex” as depicted by the conventional equilibrium expression,
𝑃 + 𝐿 ⇄ 𝑃𝐿
rather these binding events are more accurately described in terms of partitioning or
adsorption of the protein into the bilayer. This can be attributed to the fact that proteins
bind to lipid bilayers via electrostatic and/or hydrophobic effects that arise from the
collective properties of lipid patches rather than from individual, isolated lipid molecules.
To render KD analysis more amenable to protein and lipid systems, one can refine the
above equations so as to accommodate for the fact that discrete binding sites in a
bilayer can be comprised of multiple lipids. In the case of LUVs, the lipids of the outside
leaflet of the vesicle are accessible to the bulk solvent (and thus to P) whereas lipids of
the opposing leaflet are sequestered inside the aqueous lumen of the vesicle. As such,
one should consider the “effective” lipid concentration with which P is able to interact
([L0]eff) as equal to 0.5 [L0]. To accommodate for the fact that each P may bind to
discrete sites composed of n lipids, one can consider the binding equation
𝑃 + 𝑛𝐿 ⇄ 𝑃𝐿-
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such that
𝐾] =

[𝑃]𝑛[𝐿]
[𝑃𝐿- ]

In this case, the quadratic binding equation shown above can be adjusted to account for
the P:L stoichiometry
𝜃=

(𝑛[𝑃]8 + [𝐿]8 + 𝐾] ) − o(𝑛[𝑃]8 + [𝐿]8 + 𝐾] )B − (4𝑛[𝑃]8 [𝐿]8 )
2(𝑛[𝑃]8 )

so that the formula includes the parameter n, which represents the formal number of
lipid molecules involved in a binding site for one P molecule. To this end,
spectroscopically measured anisotropy and emission intensity values can be
recalculated as θ values, plotted as functions of effective lipid concentrations, and fit to
the readjusted quadratic binding equation so that the KD can be accurately obtained
(Figure 2.10B).

Quantifying Membrane Binding by Generalized Polarization of Solvatochromic
Membrane Probes
While the dissociation constant provides quantitative insight into the overall
mechanism and stability of a given IDP and membrane binding event, it does not offer a
comprehensive view of the consequences of such an interaction on the
physicochemical properties of the membrane itself. Studies have revealed that IDPs can
cause dramatic changes in the structure and topology of a lipid bilayer, including the
alteration of membrane fluidity and phase behavior, the formation of lipid microdomains,
the disruption of bilayer integrity, and the modification of surface electrostatic charge
(Zhao and Lappalainen, 2012; Das and Eliezer, 2019; MacDonald, 1997). In order to

62

elucidate the function of a given membrane-interacting protein and achieve a thorough
understanding of the significance of such an association, it is therefore imperative to
consider the changes that the protein imparts on the lipid bilayer. One way in which this
can be achieved is through steady-state fluorescence spectroscopy. Rather than
fluorescently-labeling a protein of interest, one can instead utilize a lipophilic fluorescent
probe to observe the spectral changes that occur upon perturbation of the lipid bilayer.
Laurdan (6-dodecanoyl-2-dimethylaminonapthalene) and prodan (6-propionyl-2dimethylaminonaphthalene) are membrane-bound fluorescent reporters that were first
designed and synthesized to study the phenomenon of dipolar relaxation (Figure 2.11)
(Parasassi et al., 1998). The fluorescent naphthalene moieties of these probes possess
dipole moments due to partial charge separation between the 2-dimethylamino and the
6-carybonyl residues. Upon excitation with a photon, a naphthalene moiety will have an
altered electronic distribution that will increase its dipole moment and change its
orientation, resulting in high energy, unstable interactions with its surrounding solvent
(Parasassi et al., 1998). Following vibronic relaxation through the energy levels of S1,
polar solvent molecules will reorient themselves to achieve a more stabilizing interaction
with the naphthalene moiety that will subsequently lower the energy of the equilibrium
excited state. This solvent relaxation phenomenon has the effect of reducing the energy
difference between S1 and S0 electronic energy states, thereby causing a continuous
red shift of the fluorophore’s steady-state emission spectrum (Alder, 2019; Parasassi et
al., 1998). Conversely, if the naphthalene moiety is in a nonpolar environment, solvent
relaxation will not occur and the energy gap between S1 and S0 will remain relatively
higher, thereby causing a spectral blue shift. In this way, variations in membrane
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polarity or membrane water content (i.e. hydration) due to protein insertion will yield
measurable spectral shifts in laurdan and prodan emission spectra, making these
probes useful reporters of changes in lipid packing and fluidity.
Because of the different lengths of their acyl residues, laurdan and prodan
partition differently within the lipid bilayer—prodan preferentially partitions at the surface
of the lipid bilayer and is sensitive to changes in polar headgroup packing whereas
laurdan is tightly anchored within the hydrophobic core of the bilayer with its fluorescent
moiety residing at the level of the phospholipid glycerol backbone, allowing it to probe
superficial changes within both the interfacial region and the lipid bilayer close to the
surface (Figure 2.11) (Krasnowska et al., 1998; Parasassi et al., 1998; Jay and
Hamilton, 2016). As such, analyzing both of these probes allows one to more rigorously
assess the extent to which the membrane-binding region of an IDP affects the lipid
packing and dipolar dynamics of its membrane target.
The application of this technique in the characterization of IDP and membrane
binding involves designing an experiment in which the steady-state emission spectra of
LUVs containing either laurdan or prodan are measured in the presence and absence of
protein. The spectral properties of laurdan and prodan can then be quantified as the
generalized polarization (GPLAU and GPPRO, respectively). Both GPLAU and GPPRO
increase with enhanced lipid packing (reduced interfacial hydration) and decrease with
lipid packing defects (enhanced interfacial hydration), allowing one to directly measure
the extent to which a bilayer is hydrated or dehydrated upon protein insertion. The
generalized polarization of laurdan (GPLAU) is calculated using the following equation:
𝐺𝑃pEq =
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𝐼r − 𝐼st
𝐼r + 𝐼st

where Ig is the emission intensity at 440 nm and Ilc is the emission intensity at 490 nm
(Krasnowska et al, 1998). Because prodan localizes at the membrane surface, it has
been shown to exhibit appreciable fluorescence and partitioning in water within a given
experimental system (Krasnowska et al., 2001). To allow for the separation of the
spectral properties of prodan in the lipid phase and in water, a three-wavelength GP
(3wGP) method is typically used during quantitative analysis. To this end, GPPRO is
measured using the following equations:
𝐺𝑃uvw =

𝑅yB − 1
𝑅yB + 1

where
𝑅yB =

𝐼{ 𝑘|B
𝐼B 𝑘|B − 𝐼| + 𝐼| 𝑅|{

with
𝑘|B =

𝐼|}
𝐼{}

𝑅|{ =

𝐼|~
𝐼{~

and

where I1W and I3W are the emission intensities of prodan in water at 420 nm and 530 nm,
respectively, I1M and I3M are the components of the intensities at 420 nm and 530 nm
due only to the probe emission in the membrane after the subtraction of the intensity
arising from the probe in water, I1 is the prodan emission at 420 nm, I2 is the emission at
480 nm, and I3 is the emission at 530 nm. Overall, fluorescence spectroscopy involving
laurdan and prodan fluorescence probes is a simple and effective technique that allows
one to quantify the lipid headgroup packing and dipolar dynamics of a given membrane
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system upon IDP association.

2.4 NMR Spectroscopy

To this point, we have addressed various ways in which fluorescence
spectroscopy can be used to quantify the binding affinity and membrane hydration of a
given IDP and bilayer interaction. We will now focus on an alternative spectroscopic
technique that allows one to more rigorously probe the structural and dynamic
properties of a membrane bilayer upon protein insertion with atomic resolution, namely
ssNMR spectroscopy. Unlike fluorescence, which is based on electron spin properties
and electronic energy levels upon EM absorption, NMR detects the reorientation of
nuclear spins in an applied magnetic field upon EM absorption. In order to effectively
illustrate how ssNMR spectroscopy can be applied to the study of IDP and membrane
binding, we will begin our discussion with a general overview of the fundamental theory
and principles of NMR spectroscopy. We will also highlight the differences between
ssNMR and the classical, solution-state method and discuss why the former is more
appropriate for the investigation of membrane dynamics.

Theory and Principles
Atomic nuclei in many isotopes possess a physical property known as spin,
which is an intrinsic form of angular momentum characterized by the rotation of a
nucleus about its own axis (Turro, 1983). In atomic physics, spin is parameterized into
spin quantum number (I), which is based on the subatomic composition of the nucleus.
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Nuclei contain protons and neutrons, both of which are comprised of elementary
particles called quarks that are held together by exchange particles called gluons
(Figure 2.12). It is currently speculated that there exist six flavors of quarks, two of
which are called “up” and “down” quarks (Grinstein et al., 1989). An “up” quark has an
B

{

electric charge of + | 𝑒 whereas a “down” quark has an electric charge of − | 𝑒, where 𝑒
is an elementary charge equivalent to 1.602176634 x 10-19 coulombs. A single proton is
B

comprised of two “up” quarks and one “down” quark and carries a net charge of | 𝑒 +
B

{

𝑒 + •− | 𝑒€, or +1 e whereas a neutron is comprised of one “up” quark and two “down”
|
B

{

{

quarks and thus carries a net charge of | 𝑒 + •− | 𝑒€ + (− | 𝑒), or 0 e (Smith, 2010).
When a nucleus spins, the charge distribution arising from the “up” and “down” quarks
within the subatomic particles can generate a magnetic field. A nucleus with finite spin
thus carries a magnetic moment (µN), which is a measure of an object’s tendency to
align with an external magnetic field (B0) (Campbell, 2012). Protons and neutrons each
have net spins of ½, which is a complex property derived from the quarks and gluons of
which they are composed. In atoms, these spins are paired against each other such that
nuclei with even numbers of protons and neutrons have no overall spin (I = 0) (e.g. 4He,
14

C). If a nucleus contains an odd number of protons and neutrons, I values are positive

integers, meaning that these nuclei do in fact spin (e.g. 2H, 14N). Likewise, if a nucleus
contains an odd number of protons and an even number of neutrons or if it contains an
even number of protons and an odd number of neutrons, I values are half integers (e.g.
1

H, 13C). The overall I is important because only nuclei that spin are suitable for NMR

experiments.
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When a constant, homogenous B0 (z-axis) is applied to a sample containing
nuclei with spin I, the populations of nuclei will split and occupy different spin states
(Rule and Hitchens, 2006). A spin state describes the configuration of a nucleus within
B0. The total number of spin states available to a nucleus is given by 2𝐼 + 1. In the
absence of B0, spin states are degenerate, meaning that they have the same energy
due to the disordered orientations of their µN. Once the external magnet is applied, the
nuclei will align themselves with or against B0 and will occupy their various spin states,
each state with a different level of energy. For example, 1H, which has an I of ½, has
{

two possible spin states (2(B) + 1 = 2) commonly referred to as α and β. In the α and β
spin states, the nuclei are aligned with B0 (low energy) and against B0 (high energy),
respectively (Figure 2.13A). As such,1H, 13C, 15N, and 31P are the most commonly used
isotopes in traditional NMR experiments as they each have nuclei with I values of ½
(and thus two spin states), yielding spectra that are easier to interpret than those from
isotopes with positive integers and thus more spin states.
The µN of nuclei can only take up certain allowed angles in an applied B0,
resulting in a twisting force, or torque, that tries to align µN with B0. As such, the torque
will cause a given nucleus to engage in a rotational motion, or precession, around the
B0 with a frequency that is dependent on the strength of B0, the type of atom, and the
chemical or physical environment of the atom (Figure 2.13B) (Campbell, 2012). The
frequency of the induced precession can be defined as
𝜔8 = 𝛾𝐵8
where 𝛾 is the gyromagnetic ratio and 𝜔8 is the resonance frequency, or the Larmor
frequency. The gyromagnetic ratio is a measure of how a particular type of nucleus
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responds to a magnetic field and is therefore different for each type of nucleus, resulting
in a wide range of frequencies where NMR signals can be detected. Nuclear
precessions around a static B0 occur in an unsynchronized manner (i.e. no phase
coherence), causing the bulk magnetization (average of all individual µN) to align with
the z-axis (Turro, 1983). Because NMR signal is detected along the x-y plane, this
nuclear orientation will not provide useful information about the system.
An NMR experiment perturbs the orientation of magnetically aligned nuclei by
exciting them with short pulses of radio frequency (RF) waves along the x-axis, causing
them to transition from lower energy spin states to higher energy spin states. The
energy needed for state transitions to occur is equal to the 𝜔8 of the nuclei. RF
pulsation at this 𝜔8 will cause nuclear precession to synchronize (i.e. phase coherence),
shifting the bulk magnetization of the µN from its equilibrium position parallel to B0 to the
x-y plane perpendicular to B0 (Figure 2.14). The rotating µN will induce an alternating
voltage within a detection coil along the y-axis, which is considered to be the NMR
signal. This signal is often the overlay of many oscillating electric signals, the frequency
of which corresponds to the precession frequency of the µN that generates it (Rule and
Hitchens, 2006). As the µN of the nuclei spontaneously and progressively return (relax)
to their equilibrium states parallel to the vertical axis of B0, the amplitude of the NMR
signal will decay. This decay of NMR signal over time is referred to as the free induction
decay (FID) (Figure 2.15). In NMR, relaxation is described by two mechanisms: spinspin (T2) relaxation and spin-lattice (T1) relaxation. T2 relaxation describes the time it
takes for the transverse components (along x-y plane) of bulk magnetization to decay
(de-phase) after RF excitation. T1 relaxation describes the time it takes for the bulk
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magnetization to return to its equilibrium position parallel to B0 (along z-axis) after RF
excitation (Campbell, 2012). As the bulk magnetization spirals during T2, the oscillating
magnetic moment can be detected along the y-axis, thus generating the FID. By using a
combination of pulses and delays (oscillating electric signals), NMR signals can be
measured and mathematically transformed from the time domain into the frequency
domain (i.e. Fourier transform) so that information such as bond connectivity and spatial
arrangements can be assessed.
The resonance frequency of a given nuclear spin depends on the strength of the
local magnetic field experienced by the nucleus, which can be modified by a variety of
orientation-dependent environmental factors, including electron cloud distributions and
magnetic dipole-dipole interactions (Hu and Tycko, 2010). In solution-state NMR, the
rapid molecular tumbling and Brownian motion of small proteins causes the fluctuating,
anisotropic local magnetic fields to be averaged out, resulting in spectra with very sharp
transitions. As such, if one wishes to acquire optimal signal in a solution-state NMR
experiment, a given protein sample cannot exceed 30 kDa. If the molecular size of a
given protein sample increases, it becomes more static and its ability to tumble in
solution will decrease, thereby causing the corresponding NMR signals to de-phase
(faster T2), broaden, and decay very quickly. While signal broadening is
disadvantageous for solution-state NMR experiments, ssNMR is specifically designed
so that one can interpret these lineshapes and quantitatively analyze the orientationdependent interactions of static systems (Campbell, 2012). Because IDP and
membrane interactions are highly anisotropic in nature, ssNMR is an extremely useful
technique that can effectively extract complex molecular information regarding the
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structure, dynamics, and phase state of these systems. While there are many different
types of ssNMR that have been used for the analysis of protein and membrane
interactions, this chapter will focus on static deuterium (2H) ssNMR.

2

H ssNMR
The 2H isotope is comprised of one proton and one neutron, giving it a quantum

spin number I of 1 (Figure 2.16A). As such, 2H has three possible spin states in an
applied B0, which are typically labeled by their quantum numbers 0 and ± 1. According
to quantum mechanics, transitions between the adjacent spin energy states are
allowed, thus giving two single-quantum nuclear spin transitions (Figure 2.16B) (Brown
et al., 2006). Because the quantum spin number of 2H is greater than ½ (I > ½), this
isotope belongs to a class of nuclei with an electrical quadrupolar moment (Q).
Quadrupolar nuclei are characterized as having an asymmetrical distribution of electron
density due to the asymmetrical distribution of positive charges within their core,
allowing them to interact with the electric field gradients (EFGs) generated by their
surroundings. As such, a 2H ssNMR spectrum has a characteristic line shape commonly
referred to as a Pake doublet, which features line splitting arising from the difference in
frequencies of the single-quantum transitions. The separation between the two maxima
of the doublet corresponds to this quadrupolar splitting (∆𝑣… ) and the magnitude is
strongly dependent on the orientation of the 2H nuclei relative to B0 (Figure 2.16B)
(Soubias and Gawrisch, 2007; Brown et al., 2006). In this way, any change in the
average internal conformation of a deuteron (nucleus of deuterium) will change the ∆𝑣…
of the 2H NMR spectrum (MacDonald, 1997). As such, 2H spectra are very sensitive to
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motion and environment, making them useful for probing the structure and fluidity of
dynamic membrane systems. In order to quantify the degree to which a membrane is
perturbed upon IDP association, one can design an experiment in which the protons of
specific lipid molecules are replaced with 2H atoms and subsequently assembled into
LUVs. Each site-specific 2H label will correspond to an individual 2H-C bond, thus
allowing one to obtain atomically resolved information for the membrane system (Brown
et al., 2006). In this way, one can measure the ssNMR spectra of these deuterated
LUVs in the presence and absence of protein and compare the observed changes in the
∆𝑣… of the deuterons upon binding. Because ∆𝑣… is orientation-dependent and therefore
sensitive to motional freedom, one can calculate the order parameters (angular
fluctuations above the average orientation) of 2H-C bonds in the given lipid molecules
and observe how they change upon protein association. In this way, 2H ssNMR is an
extremely effective technique that allows one to quantify a given IDP and membrane
binding interaction by measuring the order parameters of lipid acyl chains and
headgroups.
While there are various commercially available deuterated lipids, PC is frequently
utilized for 2H ssNMR experiments as it is the most ubiquitous phospholipid among
eukaryotic membranes, making it amenable for the investigative study of numerous
biological systems. Moreover, the two most commonly studied deuterated lipids are 1palmitoyl-d31-2-oleoyl-sn-glycero-3-phosphocholine (16:0-d31-18:1 PC or POPC-d31),
which is selectively deuterated along its 16:0 acyl chain, and 1,2-dimyristoyl-sn-glycero3-phosphocholine-1,1,2,2-d4 (14:0 PC-d4 or DMPC-d4), which has deuterated
methylene groups at its choline (Figure 2.17). The 2H ssNMR spectra from POPC-d31
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and DMPC-d4 reveal valuable information about acyl chain disorder and headgroup
surface charge topography, respectively. As such, experiments utilizing these two lipids
for the quantitation of membrane and IDP binding will be addressed individually.

ssNMR of Lipids with 2H-Labeled Acyl Chains
In order to investigate the order and dynamics of the acyl chains of a given
bilayer system upon association with an IDP and quantify order parameters, one can
measure the 2H ssNMR spectra of LUVs containing POPC-d31 in the presence and
absence of protein. Because of the inhomogeneities of B0 and variable T2 at each
nucleus in the sample, the observed linewidth from 2H ssNMR is usually spread over a
wide range of frequencies, causing the spectrum to be noisy and difficult to interpret. To
circumvent this issue, 2H ssNMR employs a quadrupole spin echo sequence in which
RF is repeatedly pulsed at specific time intervals so that the variable precession
frequencies of the nuclei become more synchronized. In this way, phase errors are
reduced and spectra are more easily analyzed.
Once a 2H NMR spectrum of POPC-d31 is obtained, it must be deconvoluted
(dePaked) with an algorithm such that the bilayer normal is aligned perpendicular to the
direction of the static B0 (Abu-Baker and Lorigan, 2012; Sani et al., 2013). In this way,
∆𝑣… can be directly measured and converted into an order parameter using the following
equation:
∆𝑣 † … = 3/2 ˆ

𝑒 B 𝑞𝑄 †
3𝑐𝑜𝑠 B 𝜃 − 1
‹ 𝑆 •] ˆ
‹
ℎ
2

where ∆𝑣 † … is the quadrupolar splitting for deuterium attached to the ith carbon,
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Ž • •…
*

is

the quadrupolar splitting constant (168 kHz for deuterium in 2H-C bonds), 𝜃 is the angle
between the bilayer normal and the magnetic field B0, and 𝑆 † •] is the chain order
parameter for a deuterium attached to the ith carbon of the acyl chain of POPC
(0 ≤ 𝑆 † •] ≤ 1) (Dave et al., 2004; Soubias and Gawrisch, 2007). When 𝑆 † •] = 0, the
angular fluctuations are so large that there is essentially no preferred orientation. A
value greater than 0 signifies an infinitely narrow distribution above the average angle
(MacDonald, 1997). Put simply, a large 𝑆 † •] indicates that the 2H is motionally restricted
whereas a small 𝑆 † •] indicates that the 2H is highly disordered. The order parameters
calculated for the 2H3-C ∆𝑣… can be multiplied by three in accordance with previously
reported analyses (Huster et al., 1998). In general, motions experienced by deuterated
lipids (lower order parameters) tend to reduce the size of the 2H ssNMR ∆𝑣… , provided
that they are fast on the NMR timescale (10-5 to 10-6 seconds) (MacDonald, 1997). In
this way, 2H peaks in the ssNMR spectra are assigned based on the dynamic properties
of the individual 2H3-C and 2H2-C groups. The ∆𝑣… of the 2H3-C groups at the end of the
acyl chain are smallest and closest to 0 kHz because they rotate at the fastest
frequency (Dave et al., 2004). The next smallest splitting is assigned to the 2H attached
to C-15 and so forth along the acyl chain. As such, one can compare the quantified
order parameters of each 2H-C bond in the deuterated acyl chain of POPC-d31 in the
presence and absence of protein and obtain mechanistic insight as to how the protein
may perturb the dynamics of a given lipid bilayer.

ssNMR of Lipids with 2H-Labeled Choline
Although the method for acquiring DMPC-d4 order parameters is similar to that

74

for POPC-d31, the ways in which the data are interpreted can differ significantly. In
order to quantify the changes within the headgroup region of a membrane upon
association with a given IDP, one can measure the 2H ssNMR spectra of LUVs
containing DMPC-d4 in the presence and absence of protein. Just as with POPC-d31
spectra should be measured with a quadrupole spin echo sequence and raw data
should be dePaked. In DMPC-d4 ssNMR spectra, the carbon closer to the phosphate
group is referred to as the α carbon and the carbon closer to the amine group is referred
to as the β carbon. As was previously described, the observable feature in a 2H NMR
spectrum from LUVs containing DMPC-d4 is ∆𝑣… . The ∆𝑣… of each of deuterated methyl
groups can be used to calculate their corresponding order parameters with the equation
shown above. For alkyl 2H-C bonds,

Ž • •…
*

will be 125 kHz. In the case of POPC-d31,

order parameters can be related to the degree of acyl chain mobility within the
hydrocarbon core of the bilayer. For DMPC-d4, the deuterons are situated at the polar
headgroup region and are affected by a variety of more complex environmental factors,
rendering this interpretation inaccurate. Rather than being viewed as reporters of
motion, the order parameters of DMPC-d4 ssNMR spectra can instead be compared to
“molecular voltmeters” for surface charge (MacDonald, 1997).
Surface electrostatic charge has been shown to produce a pronounced
conformational change in the choline headgroup of PC (MacDonald, 1997). For neutral
membrane surfaces, the ∆𝑣… from the α and β deuterons are nearly identical. When a
membrane surface has an anionic surface charge, the ∆𝑣… from the α deuterons
increases while that from the β deuterons decreases (Figure 2.18) (MacDonald, 1997).
When membrane surface has a cationic surface charge, the ∆𝑣… from the α deuterons
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decreases while that from the β deuterons increases. As such, it has been postulated
that these ∆𝑣… changes result from specific conformational changes in the choline
headgroup of PC with respect to the plane of the membrane surface rather than from a
change in order parameter (MacDonald, 1997). Moreover, this conformational response,
which is referred to as the “choline tilt model,” is believed to arise from the tilting of the
choline group in response to membrane surface charge, which causes the dipole
moment of the choline group to align itself with the EFG of the charged surface (Roux et
al., 1989). As such, one can quantify the order parameters of the α and β deuterons of
DMPC-d4 LUVs in the presence and absence of protein and assess the conformational
and surface electrostatic charge changes that occur at the bilayer surface upon protein
binding.
In summary, 2H ssNMR is a powerful technique that allows one to quantify the
relative headgroup perturbation, electric surface charge alterations, and acyl chain
disorder that occurs when an IDP binds to its membrane target. Additionally, ssNMR
can elucidate the key physicochemical properties (e.g. headgroup packing defects,
charge) that make a given membrane surface amenable to protein binding interactions.
Overall, ssNMR and fluorescence spectroscopies provide invaluable, complementary
insight into the mechanistic and functional roles that an IDP plays within a biological
system.
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2.5 Figures and Tables

Figure 2.1 Liposome Structure. Cross sections of a multilamellar vesicle (left) and a
large unilamellar vesicle (right). These vesicles are structured such that lipid acyl chains
are sequestered in the nonpolar cores of membranes with polar headgroups facing the
aqueous environment. MLVs encapsulate water between lamellar stacks, whereas
LUVs encapsulate a single aqueous lumen. Vesicles can be generated with various
compositions of lipids and can mimic many different aspects of biological membranes.
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Figure 2.2 Light as a Transverse Wave. Light depicted as an electromagnetic (EM)
wave consisting of oscillating electric (red) and magnetic (blue) fields and traveling at
the speed of light (c). EM waves are characterized by wavelength (𝜆) and frequency (𝜈).
The energy stored in EM radiation is proportional to 𝜈 and inversely proportional to 𝜆.
Figure adapted from Alder, 2019.
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Figure 2.3 Fluorescence Energy Diagrams. A) Molecular energy level diagram depicting
the photophysical steps of fluorescence. Electronic states are represented as plots of
potential energy as a function of internuclear distance. Absorption of a photon results in
excitation (purple) into a rotational level (Rn) within an upper vibrational level (Vn) of the first
singlet excited state (S1). After molecules have reached the excited state, those in higher
vibrational levels lose their excess energy through internal conversion (orange) and relax to
the lowest vibrational level (V0) of S1. Fluorescence occurs via spontaneous emission
(green) to a Rn within a Vn of the ground state (S0). Molecules then undergo vibrational
relaxation (pink) and return to equilibrium. B) Jablonski diagram depicting the radiative and
non-radiative processes associated with fluorescence. Absorption of a photon results in
excitation into either S1 or S2. After undergoing internal conversion to V0 of S1, molecules will
return to S0 through radiative or non-radiative pathways. Radiative pathways include
fluorescence and phosphorescence (red). Phosphorescence occurs when a molecule
undergoes intersystem crossing (blue) and transitions from S1 to T1, which is driven by a
change in electron configuration due to spin-orbit coupling. Non-radiative pathways (yellow)
include fluorescence quenching and resonance energy transfer. Figure adapted from Alder,
2019.
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Figure 2.4 Relationship Between Energy Level Transitions and Fluorescence
Spectra. Excitation (blue) and emission (red) spectra related to electronic energy
transitions, which are depicted with a simplified version of the Jablonski diagram. The
Stokes shift (green) refers to the energy difference between the wavelength of excitation
(λex) and the wavelength of maximum emission (λem). The Stokes shift can primarily be
attributed to vibrational and solvent relaxation.
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Figure 2.5 Environmental Sensitivity of Tryptophan. A) Electronic absorption
transitions in tryptophan. Emission from the 1La state (red) is favored in a polar solvent
whereas emission from the 1Lb state (blue) is favored in a nonpolar solvent. Figure
adapted from Lakowicz, 2006. B) Simulated emission spectra for Trp in a polar and
nonpolar environment. Emission from the 1La state is red-shifted due to hydrogen
bonding interactions with the imino group and the general effects of solvent relaxation.
In contrast, emission from the 1Lb state is blue-shifted and has a higher quantum yield
due to the lack of solvent relaxation.
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Figure 2.6 Measurement of Fluorescence Anisotropy. Schematic diagram depicting
the basic principle behind fluorescence anisotropy measurements. The excitation light
(𝐸"⃗) is oriented parallel to the vertical or z-axis. Horizontally (𝐼M ) and vertically (𝐼∥ )
polarized emission intensities are detected with an emission polarizer and used to
calculate the steady-state fluorescence anisotropy. Figure adapted from Lakowicz,
2006.
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Figure 2.7 L-Format Measurement of Fluorescence Anisotropy. Schematic diagram
of L-format anisotropy measurements showing measured emission intensity
components with vertical (IVV and IVH) and horizontal (IHV and IHH) excitation. Mex and
Mem are excitation and emission monochromators, respectively. Pex and Pex are
excitation and emission polarizers, respectively. Figure adapted from Alder, 2019.
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Figure 2.8 Simple Hyperbolic Binding Curves. Simulated binding curves with variable
KD values depicting fractional saturation (θ) of protein binding sites as a function of total
ligand (L0). The larger the KD value, the weaker the binding, and the less saturated the
protein is with ligand at any given ligand concentration. Lines were generated using the
“simple” binding equation under the free ligand approximation.
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Figure 2.9 Comparison of Fitting Methods. Sample dataset of a high affinity binding
interaction plotted and fit using both the free ligand approximation (simple equation) and the
quadratic binding equation. The simulated system contains 5 μM of protein with a single
binding site ([P0] = 5 μM) titrated with ligand up to a concentration of [L0] = 14 μM. The
simple equation yields an approximate KD value of 1.5 μM with a poor fit (R = 0.926)
whereas the quadratic equation yields an approximate KD value of 0.1 μM with a
significantly better fit (R = 0.994).
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Figure 2.10 Quantitation of Protein-Lipid Binding. A) Illustration of reversible
lipid binding interactions in which P is the free macromolecule, L is an individual
lipid molecule, and PL is the protein-lipid complex. Because lipids exist as large
macromolecular aggregates rather than as isolated lipid molecules in solution, one
must account for the binding parameter n, which represents the formal number of
lipid molecules involved in a binding site for one P molecule. B) Representative
binding isotherms generated for three different conditions and fit using the “n”
adjusted quadratic equation. For all simulations, [P0] = 100 μM and are titrated to
[L0] = 5 mM. In dataset 1 (red), the KD = 100 μM and the n = 1. In dataset 2 (blue),
the KD = 100 μM and the n = 5. In dataset 3 (green), the KD = 20 μM and the n = 5.

86

Figure 2.11 Depth of Prodan and Laurdan Fluorescent Probes Within a Lipid
Bilayer. The chemical structures of laurdan, prodan, and POPC and their approximate
depths within the outer leaflet of a bilayer. The thickness of a typical bilayer is
approximately 30 Å. Laurdan penetrates more deeply into a monolayer due to its long
acyl residues, thus residing near the glycerol backbones of lipids. Prodan partitions at
the lipid-water interface. The fluorescent naphthalene moieties of these probes are
highlighted in green. Figure adapted form Jay and Hamilton, 2016.
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Figure 2.12 Subatomic Compositions of Protons and Neutrons. Schematic
depiction of the subatomic compositions of protons and neutrons. Protons and neutrons
are comprised of “up” (green) and “down” (pink) quarks, which are held together by
gluons (yellow). These elementary particles impart certain properties to the protons and
neutrons, including charge and quantum spin. Protons and neutrons each have a net
spin of ½, meaning that these particles must be fully rotated twice before they return to
their original configurations. In atoms, these spins are paired against each other such
that nuclei with even numbers of protons and neutrons have no overall spin.
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Figure 2.13 Properties of Nuclear Spin. A) Energy levels for a nucleus with spin quantum
number I = ½. In the absence of an external magnetic field (B0), spin energy levels are
degenerate. When B0 is applied, the energy levels split into a low energy level where the
magnetic moments (μN) of the nuclei are aligned with B0 (α) and a high energy level where
the μN of the nuclei are aligned against B0 (β). B) Schematic representation of nuclear
precession around B0. The µN of a spinning nucleus can only take up certain allowed angles
in an applied B0, resulting in a twisting force that tries to align µN with B0. This torque will
cause the nucleus to engage in a rotational motion, or precession, around B0 with a
rotational frequency known as the Larmor frequency. The energy needed to transitions
nuclei from one spin energy level to another is equal to the Larmor frequency. Figure
adapted from Thomas, 2016.
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Figure 2.14 NMR Signal Detection Upon Radio Frequency Wave Excitation. Vector
diagram portraying the shift in the bulk magnetization of an NMR sample upon
excitation with a radio frequency (RF) pulse at the Larmor frequency. Nuclear
precessions around a static B0 occur without phase coherence, causing the bulk
magnetization to align with the z-axis. A 90° pulse along the x-axis will nutate the
magnetization onto the y-axis, allowing it to be detected in an NMR instrument. Figure
adapted from Campbell, 2012.
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Figure 2.15 Free Induction Decay. Schematic representation of the decay of NMR
signal over time, which is known as the Free Induction Decay (FID). Upon excitation
with an RF pulse, bulk magnetization will shift and precess along the x-y plane at its
Larmor frequency. Over time, the bulk magnetization will spontaneously and
progressively return to equilibrium at the z-axis, causing a gradual decrease in NMR
signal. The FID can be readily translated into a frequency-dependent spectrum by
Fourier transformation.
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Figure 2.16 Nuclear and Quantum Properties of Deuterium. A) Schematic
representation of the composition of a deuterium atom. Deuterium is composed of one
proton (blue), one neutron (gray), and one electron (yellow). Because a proton and
neutron each have a net spin of ½, a deuteron has a total spin quantum number of I = 1.
B) Depiction of the spin energy levels and corresponding solid-state NMR spectrum of
deuterium. Because deuterium has I = 1, it has three energy levels when an external B0
is applied. These three levels are labeled by their quantum numbers 0, -1, and +1. The
transitions that are allowed by the rules of quantum mechanics (gray dotted arrows) are
those between -1 to 0 and 0 to 1. The degeneracy of the three energy levels is removed
at zero B0 because of quadrupolar splitting (Q; purple arrow). The lower solid-state
spectrum (purple line) is typical of that observed from a deuterium sample and is known
as a Pake doublet. Each “horn” of the Pake doublet arises from one of the two 0 to ± 1
energy transitions and the separation between the two horns corresponds to the
quadrupolar splitting (quantified as ΔvQ). Figure adapted from Campbell, 2012.

92

Figure 2.17 Chemical Structures of POPC-d31 and DMPC-d4. The chemical
structures of deuterated POPC and DMPC, which are commonly used in solid-state
NMR experiments investigating lipid bilayer dynamics. POPC-d31 is selectively
deuterated along its 16:0 acyl chain. DMPC-d4 is selectively deuterated at the
methylene groups of its choline. In DMPC-d4 data analysis, the carbon closer to the
phosphate group is referred to as the α carbon and the carbon closer to the amine
group is referred to as the β carbon.
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Figure 2.18 Effect of Anionic Surface Charge on Choline-Deuterated POPC. Solid-state
NMR spectra of liposomes containing choline-deuterated POPC in the presence of anionic
(top) or neutral (bottom) surface charges. Deuteron labels were located at either the α or β
position of the choline group as indicated in the diagram. Anionic surface charges were
introduced by mixing POPC with 20 mol% 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'rac-glycerol) (POPG). When the anionic surface charge, the ∆𝑣… from the α deuterons
increases while that from the β deuterons decreases. This conformational response is
attributed to the presence of surface charges causing the choline group to tilt with respect
to the plane of the membrane surface. This figure was obtained from MacDonald, 1997.
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Chapter 3

Amino Acid Determinants for the Binding of the Tim23 N-Terminal Region
to Cardiolipin-Containing Membranes

Derived from: Brundin, M.K., Boyd, K.J., Chamberland, S.R., May, E.R., Alder, N.N.
Amino Acid Determinants for the Binding of the Tim23 N-Terminal Region to CardiolipinContaining Membranes, In preparation.
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3.1 Abstract

The TIM23 complex of the mitochondrial inner membrane mediates the
translocation and integration of the majority of nuclear-encoded polypeptides that reside
within the mitochondrion. The central subunit of the complex is Tim23, a voltage-gated
channel-forming protein that constitutes part of the polypeptide-conducting channel.
Tim23 has bipartite domain organization with a C-terminal integral membrane domain
and an N-terminal intrinsically disordered domain that resides in the IMS. Work from our
group and others have shown that cardiolipin (CL), the signature phospholipid of the
mitochondrion, is required for the activity and subunit interactions of the TIM23 complex,
as well as for specific membrane interactions of Tim23IMS. In this chapter, we further
address the lipid and amino acid determinants of Tim23-membrane interactions using
Tim23 from Saccharomyces cerevisiae as a model. Using fluorescence-based binding
measurements, we show that a key site at the N-terminus of the Tim23IMS domain
partitions into a nonpolar environment, consistent with past NMR experiments. Based
on site-directed mutagenesis coupled with reductionist approaches with model
membranes, we measure the CL-dependence of this binding site as well as how
variations in the residues flanking this site affect Tim23 bilayer interactions. Most
notably, we show that mutation of glycine at position 6 abrogates the ability of this
region to partition into the bilayer, supporting the recently proposed notion that
polypeptide chain flexibility is crucial in promoting interactions between proteins and CLcontaining membranes. We speculate that the conformational flexibility and lack of a
bulky sidechain in glycine 6 is key to bridging tightly packed regions of the bilayer.
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These results are verified and extended using computational approaches. Based on
molecular dynamics simulations, membrane binding is initiated by interaction of the Nterminus of Tim23IMS with the bilayer and is stabilized by electrostatic interactions
between lipid phosphate groups and the protein amino group. The presence of CL
promotes the insertion of key hydrophobic residues into the nonpolar core, thus
stabilizing the membrane-bound state of Tim23. We attribute this phenomenon to
packing defects in CL-containing bilayers that expose acyl chains to the solvent. Taken
together, these results support a model in which the N-terminus of Tim23IMS binds to
localized patches of CL within the mitochondrial membranes in a manner that is
primarily driven by the structural properties of the protein and phospholipid rather than
long-range electrostatic interactions.

3.2 Introduction

Mitochondria are organelles that are bound by two distinct membrane systems,
an outer membrane (OM) and an inner membrane (IM), which delineate two aqueous
compartments: the matrix and the intermembrane space (IMS). The vast majority of
mitochondrial proteins are synthesized in the cytosol and are subsequently imported
and sorted into specific mitochondrial compartments by protein translocases, one of
which is the TIM23 complex of the IM (Bohnert et al., 2007). The central subunit of this
complex is Tim23, which has a C-terminal channel-forming integral membrane domain
and an N-terminal intrinsically disordered region that resides in the IMS (Wiedemann
and Pfanner, 2017; de la Cruz et al., 2010), termed Tim23IMS. Tim23IMS has been shown
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to play a pivotal role in mediating efficient protein transport through its interactions with
other components of the TIM23 complex (de la Cruz et al., 2010; Donzeau et al., 2000;
Tamura et al., 2009; Bauer et al., 1996; Bajaj et al., 2014a).
In addition to mediating various protein-protein interactions, the intrinsically
disordered Tim23IMS of the model eukaryote S. cerevisiae has recently been predicted
to tether the OM to the IM through a hydrophobic cluster at its N-terminus (Bajaj et al.,
2014b), which consists of Trp at position 3, Leu at position 4, and Phe at position 5 (S.
cerevisiae numbering). This so-called “hydrophobic hook” (W3L4F5) is predicted to
dynamically anchor Tim23 to lipid bilayers in order to contribute to the establishment of
translocation contact sites as well as to promote preprotein import (Bajaj et al., 2014b).
Deletion of the extreme N-terminus of Tim23 in yeast cells results in mitochondrial
morphological aberrations (Donzeau et al., 2000). Intrinsically disordered proteins
(IDPs) have been shown to mediate protein-protein interactions due to their ability to
interact with various targets under different conditions with high specificity but modest
affinity, making them ideal hubs in complex protein interaction networks (Wright and
Dyson, 2015). In addition to the “hydrophobic hook”, a secondary binding region of S.
cerevisiae Tim23IMS consisting of residues 29-46, which is known to interact with Tim50,
has also been shown to bind to lipid bilayers, highlighting the highly dynamic nature of
this intrinsically disordered protein domain (Tamura et al., 2009; Bajaj et al., 2014b).
Although the evidence for the importance of Tim23IMS in facilitating preprotein import is
strong, the exact molecular and structural details of these interactions remain unclear.
Linkage of many diseases to mutations in the various components of the human TIM23
complex highlights the necessity for a thorough understanding of the molecular details
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of mitochondrial protein translocation (Demishtein-Zohary and Azem, 2017).
Mitochondrial membranes have very specific lipid compositions that, when
altered, have been shown to affect many aspects of mitochondrial function, including its
protein translocation efficiency (Schuler et al., 2016). Cardiolipin (CL) is considered to
be the signature phospholipid of mitochondria, constituting about 20 mol% of the IM
(Schwall et al., 2012). Of the various phospholipids, CL has unique structural and
chemical characteristics in that it has two phosphate headgroups joined by a central
glycerol moiety and thus four, typically unsaturated, fatty acid acyl chains. Previous
experiments in which pH titrations were performed with CL dispersions have suggested
that the phosphate groups of CL possess strongly disparate ionization behavior with two
distinct pKa values (pKa1 ~ 2-4 and pKa2 > 8.5), possibly owing to the existence of a
resonance-stabilized acid-anion headgroup structure in which the protonated state of
one phosphate oxygen atom is stabilized by hydrogen bond interactions with the
secondary hydroxyl of the central glycerol (Haines, 1983). Recent studies that
monitored the phase transitions of CL-containing bilayers with different cationic lipids as
well as independent electrokinetic and spectroscopic evaluations of CL and CL variants,
however, have indicated that CL exists in a fully ionized (dianionic) state at physiological
pH, making it a key player the energy transduction processes of mitochondria (Lewis
and McElhaney, 2000; Sathappa and Alder, 2016). In addition to its electrostatic
contributions, CL is of particular importance for the structural integrity of the
membrane—the small cross-sectional area of its polar headgroups relative to that of its
bulky acyl chains can create a conical shape under certain conditions, which can lead to
an increase in lateral pressure profile and transition temperature (Lewis and McElhaney,
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2009). Additionally, this conical molecular geometry gives CL the propensity to form
inverted hexagonal II (HII) or non-bilayer forming structures in isolation (van den Brinkvan der Laan et al., 2004). Bilayer-forming lipids such as phosphatidylcholine (PC), the
most abundant phospholipid in most eukaryotic membranes, including those of
mitochondria, are more cylindrical in shape and have similar cross-sectional areas for
the headgroup and acyl chains, which favor a flat bilayer (Suetsugu et al., 2014). The
molecular geometry of CL, therefore, is predicted to create a state of curvature
frustration in the lamellar bilayer, which introduces defects in the headgroup region that
allow access of external proteins to the hydrocarbon core of the bilayer, causing it to
have important implications for protein-lipid binding (Vamparys et al., 2013).
A recent study has revealed specific roles of CL in protein transport into
mitochondrial subcompartments (Schuler et al., 2016). Deletion of CL in yeast cells
affects the structural integrity and stability of the respiratory chain complexes as well as
of the TOM and TIM23 complexes (Gebert et al., 2009; Tamura et al., 2006). Deletion of
CL has also been shown to decrease mitochondrial membrane potential, which reduces
protein translocation via the TIM23 complex (Schuler et al., 2016). Interestingly, deletion
of phosphatidylethanolamine (PE), another key non-bilayer forming phospholipid of the
IM, does not significantly affect these complexes, further suggesting that CL has a
unique role to play in mitochondrial protein translocation (Schuler et al., 2016; Böttinger
et al., 2012). While previous work has shown that CL, which is enriched at translocation
contact sites, strongly enhances or modulates membrane association at key regions of
Tim23IMS (Ardail et al., 1990; Bajaj et al., 2014b), there is very little information regarding
the molecular details of these protein-lipid binding interactions.
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CL and protein binding has initially been thought of as being dominated
by electrostatic forces due to the net negative charge of the polar headgroup region at
physiological pH. However recent binding patch analysis of all currently identified CLinteracting proteins has revealed that the regions binding the polar headgroups of the
CL molecule show a differential trend toward increased polypeptide chain flexibility, with
a higher content of glycine and coiled-coiled secondary structure and a lower content of
proline (Planas-Iglesias et al., 2015). Additionally, structural work on yeast ADP/ATP
carrier (AAC), which is known to bind tightly to CL, has identified two conserved glycine
residues that are believed to promote protein-lipid binding by providing breaks in the
transmembrane segments of AAC, which allow the phosphate groups of CL access to
form hydrogen bonds with the positively charged dipole ends of the even-numbered and
matrix helices (Ruprecht et al., 2014). The sequence of the first ten amino acid residues
of the N-terminus of Tim23IMS (S. cerevisiae), MSWLFGDKTP, reveals the presence of
glycine at a key location flanking the “hydrophobic hook” at position 6. The role of Gly6
as well as the roles of other key flanking amino acid residues (Ser2, Asp7, Lys8) in
mediating Tim23IMS and CL binding have yet to be characterized.
In this study, we use a combination of fluorescence-based techniques, atomistic
molecular dynamics (MD) simulations, and conservation analysis to characterize the
mechanistic details of the Tim23IMS “hydrophobic hook” and membrane binding event.
We show that the presence of Gly6 is imperative for proper binding of the “hydrophobic
hook” to the membrane. Additionally, we show that site-specific mutations of the amino
acid residues flanking the “hydrophobic hook” change the equilibrium binding
parameters of this region. Finally, we identify membrane properties that may lead to CL-
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based binding enhancement.

3.3 Results

Conservation Analysis of Tim23IMS

S. cerevisiae has long served as a model organism for investigating the structure
and function of mitochondrial protein complexes in general, and the TIM23 complex in
particular. The sequence of the extreme N-terminus (residues 1-20) of S. cerevisiae
Tim23 (Figure 3.1A) shows the residues flanking the hydrophobic hook that are
potentially critical for its membrane interactions: a Ser on the N-terminal side, and GlyAsp-Lys residues on the C-terminal side. To begin evaluating the functional importance
of these residues, we performed sequence conservation analysis of Tim23IMS (1-20)
based on available sequences across species. We first evaluated Tim23IMS sequences
of the ascomycete fungi, class Saccharomycetes (budding yeasts) to which S.
cerevisiae belongs. Conservation analysis of this group (Figure 3.1B) shows: (i) strong
conservation of hydrophobic residues in the ‘hook’ region with invariant Trp and nearly
invariant Phe; (ii) strong conservation of the Ser at the -1 position; (iii) a preponderance
of Gly residues on the C-terminal end of the hook, typically at the +1 position or at both
+1 and +2 positions; and (iv) charged groups, predominantly Lys, throughout the Cterminal flanking region at positions +1 to +4.
We then conducted a global analysis of Tim23IMS (1-20) sequences, identifying a
number of discernable patterns among species from the fungal and animal kingdoms
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(Figure 3.2). Among the Ascomycota (‘sac fungi’, Kingdom Fungi Types A-C), several
motifs emerge, including: (i) a site containing two or three hydrophobic amino acids,
nearly all of which contain a Trp residue; (ii) a preponderance of one or two Ser
residues on the N-terminal side of the hydrophobic site; and (iii) sites on the C-terminal
side of the hydrophobic site, either immediately flanking (Type A) or displaced by four
residues (Types B and C) that are enriched in Gly followed by basic residues. This
pattern reflects the general features of the S. cerevisiae hydrophobic hook region.
Interestingly, the Basidiomycota (‘club fungi’, Kingdom Fungi Type D) show no such
discernable pattern, but rather an abundance of Ser residues throughout the N-terminal
region. Among the sequences of Tim23 animal species (Kingdom Animalia, Types A-F),
multiple phyla-specific patterns emerged that were distinct from the general patterns of
the ascomycetes fungi, but nevertheless did show varying sites of conserved
hydrophobic as well as Gly, Ser, and charged residues.
From this conservation analysis, we conclude the following. First, assuming that
the interaction of the N-terminal region of Tim23IMS with membranes is universally
conserved across all eukaryotes, we observe here a diversity of species-specific
‘strategies’ by which this IDP may interact with lipid bilayers. Second, focusing on the
ascomycetes fungi as the model systems that have served as paradigmatic for Tim23IMS
interactions, we propose that three sites flanking the hydrophobic hook may be critical
for function: Ser residue(s) on the N-terminal side, and Gly residue(s) and charged
residue(s) on the C-terminal side. Using S. cerevisiae Tim23IMS as a model, we
therefore systematically tested the importance of each of these sites in membrane
binding.
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Design and Synthesis of Tim23IMS Variants

Having evaluated the conservation of amino acid physicochemical properties in
the N-terminal region of Tim23IMS, we pursued a site-directed mutagenesis approach to
rigorously probe the functional relevance of residues flanking the “hydrophobic hook” of
S. cerevisiae Tim23IMS in membrane binding. Tim23IMS from S. cerevisiae contains two
Trp residues; one at position 3 (the key membrane-interacting Trp of the “hydrophobic
hook”) and the second at position 93, making it an ideal protein for native tryptophan
fluorescence spectroscopy. Trp fluorescence is a powerful analytical tool for studying
protein and membrane interactions because the fluorescence properties of Trp are
highly sensitive to the polarity of its local environment (Ladokhin, et al., 2000). Because
Trp is an endogenous probe, this approach obviates the requirement for an extrinsic
fluorophore, which could alter the binding properties of the protein. In order to focus
solely on the spectral properties of the Trp at position 3 without any interference from
those of Trp93, we performed PCR site-directed mutagenesis and replaced Trp93 with
a Phe residue. The mutant W93F served as our control construct and will be referred to
as such throughout this study. We performed the following substitutions of sites flanking
the hydrophobic hook: (i) mutation of Ser2 to generate a construct lacking the hydroxyl
function (S2A); (ii) mutation of Gly6 to generate constructs with moderately (G6A) or
greatly (G6L) enhanced steric bulk, or with severely restricted conformational flexibility
(G6P); (iii) mutation of Asp7 to yield neutralizing (D7N) or charge reversal (D7R)
substitutions; and (iv) mutation of Lys8 to yield neutralizing (K8Q) or charge reversal
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(K8E) substitutions (Table 3.1). All Tim23IMS variants were overexpressed from the
pET28a vector in E. coli cells as constructs containing an N-terminal, TEV-cleavable
6xHis tag, purified by affinity chromatography using Ni-NTA agarose, and subject to His
tag cleavage by TEV protease to render highly purified constructs (Figure 3.3).

Lipid-dependence of Tim23IMS Membrane Interactions

Using the newly generated library of Tim23IMS constructs, we sought to
investigate how the specific amino acid residues of the N-terminus influence membrane
binding by monitoring the spectral properties of Trp3 upon addition of model membrane
systems, namely large unilamellar vesicles (LUVs). LUVs are useful tools for proteinlipid binding studies because they can be prepared with a defined lipid composition that
retains the essential lipid bilayer structure of membranes while simplifying the system so
that the roles and dynamics of individual components can be directly visualized and
assessed (Chan and Boxer, 2007). To confirm that Trp3 of control Tim23IMS is able to
bind to LUVs under our experimental conditions and to assess the relative importance
of CL, Trp emission spectra were measured for samples containing Tim23IMS control
and a titration series of LUVs containing either 100% 1-palmitoyl-2-oleoyl-sn-glycero-3phosphocholine (POPC) or 80% POPC and 20% tetraoleoyl cardiolipin (TOCL) (Figure
3.4) Note that because Tim23IMS will potentially interact only with the outer leaflet of our
LUVs, in our quantitative analyses we report the amount of added lipid as the ‘effective’
concentration ([lipid]eff) corresponding to lipid in the outer monolayer. For LUVs of the
size we used, this is equivalent to half of the total lipid concentration (Seelig, 1997).
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In the absence of LUVs, the emission spectra of Tim23IMS Trp3 displayed a
maximal fluorescence (lmax) with a strongly red-shifted value near 360 nm (Figure 3.4A,
black traces), confirming that this Trp residue is in a water-exposed environment,
consistent with its residence at the N-terminal end of the IDP (Lakowicz, 2006). Upon
addition of lipid, we observed an increase in the emission intensity of Trp3 (Figure
3.4A, all traces). This reflects an increase in the quantum yield of Trp that is consistent
with membrane binding associated with sequestration from bulk water. However, we did
not observe a pronounced membrane-dependent blue shift to lower lmax values. This
latter observation indicates that Trp3 does not become completely buried in a nonpolar
environment upon membrane interaction, but rather remains associated with the
interfacial region—a phenomenon consistent with our computational analyses (see
below). Finally, because the presence of TOCL enhanced the fluorescence-detected
interaction of Tim23IMS with LUVs (Figure 3.4A, compare left and right panels), these
data corroborate previous work showing that CL promotes the membrane interactions of
the Tim23IMS hydrophobic hook region (Bajaj et al., 2014b). Analysis of emission
intensity as a function of added lipid shows a saturation binding curve in which the
presence of 20 mol% TOCL enhances the spectral response (Figure 3.4B). We
conclude from these results that the hydrophobic hook site of our Tim23IMS control
interacts with membranes in a manner that is influenced by CL and can be monitored by
Trp3 fluorescence properties.

The Effect of Hydrophobic Hook Flanking Residues on Membrane Interactions
To ascertain whether mutations in the amino acid residues flanking the
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“hydrophobic hook” affect the ability of this region to bind to the bilayer with an intensityindependent approach, we measured fluorescence anisotropy (r)-detected changes,
which reflect alterations in Trp3 rotational diffusion upon titration of LUVs containing
80% POPC and 20% TOCL. Unpaired student t-tests were performed to assess
whether the KD values from mutant constructs were significantly different from that of
WT Tim23IMS. Anisotropy binding curves for Tim23IMS WT revealed a hyperbolic,
saturable response to added LUVs with a KD in the low µM range (Figure 3.5, black).
By comparison, our site-specific mutants showed a range of effects. Mutation at Ser2 to
Ala (Figure 3.5A and E) showed evidence of a saturable increase in anisotropy;
however, the affinity was reduced approximately 10-fold, and the anisotropy response
was severely blunted in comparison with WT, suggesting that weak binding occurred
but was not associated with a strong restriction on Trp3 mobility. Mutations at Gly6
(Figure 3.5B) revealed that all amino acid substitutions, regardless of severity, blocked
the ability of the Tim23IMS hydrophobic hook region to bind membranes. Mutations at
Asp7 (Figure 3.5C and E) showed varying effects relative to WT. Whereas the
neutralizing mutation (D7N) causing a slight decrease in the membrane-dependent
response on Trp3 anisotropy, the charge reversal mutation (D7R) caused a slight
increase in the anisotropy response along with a moderately higher membrane binding
affinity. These results suggest that the negative charge of this site may play a minor role
in Tim23IMS binding, with the presence of an introduced basic residue promoting the
binding interaction by further immobilizing Trp3 upon binding. Finally, mutations as Lys8
(Figure 3.5D and E) revealed both a decreased affinity and magnitude of the anisotropy
response regardless of whether the mutation resulted in charge neutralization (K8Q) or
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reversal (K8E). Taken together, these data indicate that the charged groups on the Cterminal side of the hydrophobic hook may play some role in Tim23IMS interactions;
however, the strongest effects were observed for mutations on sites immediately
flanking the hook on the N-terminal (Ser2) or C-terminal (Gly6) side.
To complement our anisotropy-based approach, we measured binding isotherms
by performing time course titrations of Tim23IMS constructs with LUVs and recording
Trp3 emission intensity changes in real time. Unpaired student t-tests were performed
to assess whether the KD values from mutant constructs were significantly different from
that of WT Tim23IMS. The resulting binding isotherms (Figure 3.6A-D) yielded KD values
that were generally consistent with those of our anisotropy measurements (Figure
3.6E).
We draw the following conclusions from these fluorescence-based binding
measurements. First, the charged residues on the C-terminal end of the S. cerevisiae
Tim23IMS hydrophobic hook appear to play a role in binding, as increasing (reducing) the
positive charge density at sites 7 and 8 tends to enhance (diminish) binding affinity.
However, the greatest impact by far came from mutation of sites that immediately flank
the hydrophobic hook: Ser2 and to a greater extent Gly6. We therefore proceeded to
use computational approaches to elucidate the molecular underpinnings of these key
amino acids in membrane interactions.

MD Simulation Analysis of Tim23IMS Membrane Binding

In order to further analyze the residue-specific interactions and CL-dependence
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of the Tim23IMS-membrane association, atomistic MD simulations of the first 20 amino
acid residues of Tim23IMS, here termed Tim23IMS(1-20), with three different lipid
compositions were performed by Dr. Kevin Boyd of the May Lab at the University of
Connecticut. These systems are abbreviated as POPC (100% POPC), TOCL2 (80%
POPC and 20% TOCL with an assigned headgroup charge of -2), and TOCL1 (80%
POPC and 20% TOCL with an assigned headgroup charge of -1). To address how
Tim23IMS interacts with bilayers, we performed membrane binding simulations in which
Tim23IMS(1-20) was placed in the aqueous phase and allowed to spontaneously interact
with a proximal lipid bilayer. These simulations allowed us to calculate the minimum
distance between the peptide and bilayer over time course trajectories for each
experimental system (Figure 3.7A-C). Consistent with the native tryptophan
fluorescence emission data as well as what has been previously reported, our data
show that lipid composition has a strong effect on the binding behavior of Tim23IMS. In
simulations with membranes lacking TOCL, Tim23IMS(1-20) displayed repeated
membrane binding and dissociation events (Figure 3.7A), whereas in the presence of
membranes containing TOCL (Figure 3.7B,C), Tim23IMS(1-20) showed stable binding
that lasted for the entirety of the 500 ns trajectories. Visual inspection of one of the
representative snapshots of the bound state of Tim23IMS(1-20) to the TOCL2 bilayer
reveals that at Gly6, the peptide chain kinds upward out of the bilayer whereas the
sidechains of the “hydrophobic hook” are inserted into the hydrocarbon core with their
backbone atoms skirting the bilayer interface (Figure 3.7D). In transient binding events
of the POPC system, however, the deepest point of insertion occurs at Met1 and Ser2
without “hydrophobic hook” sidechain insertion, indicating that sidechain insertion may
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be a prerequisite for stable membrane binding.
To quantify the extent of binding, time courses were discretized into three
different states: an unbound state, in which the minimum distance between the
membrane and protein is greater than 0.2 nm; a loosely bound state, in which the
protein is in contact with the membrane but has not inserted any of its “hydrophobic
hook” sidechains; and a tightly bound state, in which at least one of the “hydrophobic
hook” sidechains is inserted (Figure 3.8). In this system, “insertion” is defined as the
center of mass of the sidechain positioned below the average lipid phosphate z
coordinate. Tight binding was observed in 10 of the 12 simulations with bilayers
containing TOCL, and in three of the six POPC simulations. Tim23IMS(1-20) did not
dissociate from the membrane in each simulation involving tight binding, regardless of
the lipid composition. In the POPC simulations where binding and subsequent
unbinding events occurred, the trajectories terminated in the unbound state.
To assess whether Tim23IMS localization to CL-containing bilayers is driven by
long-range electrostatic attraction between the positively charged moieties flanking the
“hydrophobic hook” and the anionic headgroups of CL, first encounter rates between
Tim23IMS(1-20) and the bilayer were calculated for each of the MD simulations (Figure
3.9). Interestingly, mean first encounter rates for all three bilayer compositions were
similar, making it unlikely that enhanced long-range attraction between Tim23IMS and CL
drives this binding event. Previous computational studies have suggested that the
insertion of a membrane-interacting protein into a bilayer may be facilitated by the
existence of physical defects within the given bilayer (Vanni et al., 2013; Pinot et al.,
2018). Moreover, lipids with a conical geometry (e.g. CL) are believed to enhance the
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occurrence of such defects (Vamparys et al., 2013). To this end, lipid packing defects
were calculated in bilayers of the POPC and TOCL2 compositions in the absence of
Tim23IMS using the PackMem tool (Figure 3.10A) (Gautier et al., 2018). Our data show
that sizeable lipid packing defects (on the order of 0.2 nm2) are approximately 1.5 times
more likely to occur in TOCL-containing bilayers compared to bilayers that lack TOCL
(Figure 3.10B). Therefore, our MD simulations suggest that exposure of the acyl chain
region caused by lateral packing defects in CL-containing bilayers is a key factor in
stabilizing the Tim23IMS-membrane interaction.

MD Simulation Analysis of the Role of the Tim23IMS Hydrophobic Hook Glycine

Our fluorescence-based mutational studies indicate that Gly6 is a critical residue
for Tim23IMS “hydrophobic hook” and membrane binding. To probe this discovery using
MD simulations, we conducted six simulations of a Gly to Pro Tim23IMS(1-20) mutant in
the presence of TOCL2 bilayers and found that binding of Tim23IMS(1-20) was reduced,
in excellent agreement with our experiments (Figure 3.11). Interestingly, these
simulations generated trends that mimicked those observed with POPC-only
simulations for wild type Tim23IMS(1-20)—G6P engaged in several loose binding events
followed by unbinding events, terminating in the unbound state at the end of most
trajectories. In the tightly-bound state, Gly6 resides in the interfacial region as the
remainder of the Tim23IMS(1-20) polypeptide chain kinks out of the membrane. It is
possible that the intrinsically flexible nature of Gly6 in this specific membrane-binding
region is indispensable for Tim23IMS “hydrophobic hook” binding. The lateral pressure
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profiles of the simulated membranes with or without TOCL were calculated to elucidate
how repulsive and tensile forces varied at different depths in each type of bilayer
(Figure 3.12). The overall profiles between the POPC and TOCL2 systems were quite
similar, with a slightly more prominent positive peak in the membrane core of the TOCLcontaining simulation, due to additional unsaturated bonds at the polar-apolar interface.
The average z coordinates of the first six residues of wild type Tim23IMS(1-20) were then
mapped onto the pressure profile for loosely and tightly bound states. In the loosely
bound state, these amino acids are positioned (on average) above the large positive
headgroup peak (Figure 3.13A). In the tightly bound state, the aromatic residues have
inserted into the negative interfacial tension peak while the position of Gly6 lies close to
the positive pressure peak (Figure 3.13B). Taken together, these results indicate that
conformational flexibility in the region flanking the “hydrophobic hook” of Tim23IMS is
imperative in allowing these amino acid residues to overcome the repulsive lateral
pressure of lipid headgroups and effectively partition into the bilayer.

3.4 Discussion

The goals of this study were to characterize the mechanism by which the
“hydrophobic hook” (W3L4F5) of Tim23IMS binds to the lipid bilayer and to evaluate the
side chain determinants that drive its association with the CL-rich membranes of the
mitochondrion. Our conservation analysis data have indicated that while the
“hydrophobic hook” motif is not itself highly conserved, there are certain specific amino
acid properties within and surrounding this membrane binding region that appear to be
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shared among all fungal sequences analyzed, namely an aromatic residue, a “flexible”
glycine residue, charged residues, and a polar serine residue at the second position.
Using a host of complementary fluorescence-based techniques, we have used the
environmentally-sensitive Trp side chain of the “hydrophobic hook” as a spectral
reporter for membrane interactions of this region of Tim23IMS, comparing WT and sitespecific mutants of the flanking region. Additionally, our all-atom MD simulations have
complemented these empirical measurements, allowing high-resolution characterization
of the binding of Tim23IMS to PC- and CL-containing bilayers. We have shown that the
highly conserved amino acid residues flanking the “hydrophobic hook” are of critical
importance in mediating this binding event.
The results from this study have confirmed and expanded upon the importance of
CL in facilitating Tim23IMS and membrane binding. We have demonstrated that the
“hydrophobic hook” has a greater affinity for CL-containing bilayers, as evidenced by the
higher degree of Trp3 fluorescence emission in the presence of 80%PC-20%CL LUVs
relative to 100%PC LUVs (Figure 3.4). The biophysical basis for this observation is
provided by the data obtained from our MD analyses, which show that simulated CLcontaining bilayers have a significantly higher probability of having lateral packing
defects (Figure 3.10). In this way, packing defects may allow the “hydrophobic hook” to
stably partition its WLF sidechains into the acyl chain region of the bilayer, thereby
allowing it to assume the “tightly bound” state after it encounters a membrane (Figure
3.8).
The most surprising outcome of this study is that Gly6 is imperative for proper
partitioning of the “hydrophobic hook” into the bilayer. Binding isotherms based on Trp
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anisotropy (Figure 3.5) and environmental effects (Figure 3.6) confirm that
substitutions that mildly (G6A) or severely (G6L) increase the steric bulk of this residue
or curtail its flexibility (G6P) all strongly abrogate its membrane interactions. These
results are beautifully supported by our MD analyses, which show that Tim23IMS(1-20)
G6P displays the same lack of stable binding observed in the PC-only simulations with
Tim23IMS(1-20) WT (Figure 3.11). Furthermore, the location of Gly6 in the interfacial
region of the bilayer with respect to lateral pressure profile could be a possible reason
for its integral importance in mediating CL binding—we speculate that the
conformational flexibility and lack of a bulky sidechain in Gly6 is key to bridging tightly
packed regions of the bilayer and acting as a hinge, allowing the “hydrophobic hook” to
partition into the bilayer. Because glycine does not have a sidechain, steric hinderance
is unlikely to occur as φ and ψ torsion angles can be rotated through a series of values,
allowing it to induce polypeptide chain flexibility in a way that is unique to this amino
acid. These results come about in light of recent evidence suggesting that polypeptide
chain flexibility is an important feature for protein binding to CL phosphate groups
(Planas-Iglesias et al., 2015).
Mutations that alter the charge of the amino acid residues flanking the
“hydrophobic hook” do not eliminate the ability of this region to bind to the lipid bilayer,
however they do change the relative affinity (KD) of this interaction. When the flanking
region is more positively charged (D7R/D7N), binding becomes tighter for the
anisotropy and fluorescence emission data. When the flanking region is more negatively
charged (K8E/K8Q), binding becomes less tight for the fluorescence-based techniques
used, resulting in a three-fold increase in KD (Figures 3.5 and 3.6). These results make
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sense when one considers the fact that CL carries a net charge of -2 at physiological
pH—it appears evident that complementary charges play a role in mediating the
electrostatic attraction that initiates the interaction of CL with Tim23IMS and that having a
region with too many negatively charged amino acid residues surrounding the
“hydrophobic hook” will act in a repulsive manner. Conversely, having a balance of
charges rather than a surplus of positively charged residues is also advantageous to the
protein in that this balance ensures its ability to interact promiscuously with multiple
binding partners—a feat that would prove impossible if affinity were too tight.
Lastly, visual inspection and conservation analysis of the amino acid sequence of
Tim23IMS provoked us to question the importance of Ser2 in mediating “hydrophobic
hook” binding. Upon mutation of this highly conserved residue, the binding affinity of the
Tim23IMS and bilayer interaction is greatly reduced. We speculate that the position of
this residue at the lipid headgroup region of the bilayer is important for maintaining the
N-terminus at a superficial depth through polar interactions with the lipid headgroups,
thus stabilizing its bound state. Taken together, our data show that the enhanced affinity
of Tim23IMS for CL-containing bilayers is driven by structural rather than electrostatic
effects.
It has been well established that mitochondria lacking CL have a significantly
decreased rate of protein import (Jiang et al., 2000). The biosynthesis of CL occurs in
the inner leaflet of the IM and is followed by the remodeling of the fatty acids of CL and
its assembly into the IM—enzymes now known to be involved in CL biogenesis, namely,
Tam41 and Ups1, have been identified on the basis of the effects that their deletion had
on the general assembly state of the TIM23 complex (Kutik et al., 2008; Tamura et al.,
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2013). A thorough analysis of the mechanisms by which CL enhances Tim23IMS
association with the lipid bilayer is therefore imperative for understanding the basis of
certain diseases linked with deficient protein transport as well as dysfunctional CL
synthesis, including diabetes, cardiovascular disease, neurodegenerative disease,
premature aging, and Barth syndrome (Demishtein-Zohary and Azem, 2017; Gaspard
and McMaster, 2015; Lu and Claypool, 2015). The work presented in this chapter has
provided invaluable insight into the CL requirements of Tim23IMS membrane
interactions. Moreover, our data demonstrate the importance of lateral packing
imperfections within a bilayer and have shifted the paradigm that CL and protein binding
is primarily driven by electrostatic forces. These results open the door for future studies
probing the structural properties of known CL-interacting proteins and mitochondrial
membranes.

3.5 Materials and Methods

Plasmids and Cell Growth

The open reading frame encoding the IMS domain (residues 1-96) of S.
cerevisiae Tim23 was cloned into a pET28a vector to produce a TEV-cleavable Nterminal 6xHis-tagged expression construct. We performed PCR site-directed
mutagenesis and replaced Trp93 with a Phe residue. The mutant W93F served as our
control construct. Using W93F as our template plasmid, we generated a Tim23IMS
mutant library containing plasmids with the following site-specific mutations: S2A, G6L,

116

G6P, D7N, D7R, K8Q, and K8E. All plasmid sequences were verified by Sanger
sequencing (GENEWIZ).
For expression of Tim23IMS constructs, competent BL21 cells (Invitrogen) were
transformed with the relevant plasmid by heat shock, and cells were grown in 400 mL of
YT medium supplemented with kanamycin (50 μg/mL) at 37°C to an A600 (absorbance
at 600 nm) of ~0.8. Expression was induced by the addition of 1 mM isopropyl β-D-1thiogalactopyranoside and incubation at 26°C for 2.5 hours. For purification, cells were
collected by centrifugation (4000g for 20 min at 4°C); resuspended in resuspension
buffer [50 mM monobasic sodium phosphate (pH 7.5), 300 mM NaCl, and 5 mM
imidazole] supplemented with lysozyme (1.25 mg/mL) and 0.1 mM PMSF; incubated on
ice for 30 min; and disrupted by probe sonication. After a clarifying spin (30,000g for 30
min at 4°C) to remove insoluble material, the soluble fraction was batch-incubated with
Ni2+-NTA agarose (Qiagen) pre-equilibrated with resuspension buffer and loaded onto a
column, followed by addition of column buffer [50 mM monobasic sodium phosphate
(pH 7.5) and 300 mM NaCl] with step gradients of imidazole (up to 400 mM). Fractions
enriched in protein were pooled and dialyzed against dialysis buffer [20 mM tris-HCl (pH
7.4), 100 mM NaCl, and 0.5 mM EDTA], followed by treatment with His-tagged TEV
protease (0.07 U/μL) overnight at 16°C. The cleaved protein was passed over a second
Ni2+-NTA column to remove the TEV protease and uncleaved protein. Protein-enriched
fractions were further purified in 30,000 kDa MWCO Amicon Ultra centrifugal filter units
(2000g for 5 min at 4°C) to remove 100,000 kDa contaminant. Purity was assessed by
SDS-PAGE and protein concentrations were quantified using a Pierce 660nm Protein
Assay.
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Assembly of Liposomes

Synthetic phospholipids (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
[POPC] and tetraoleoyl cardiolipin [TOCL]) were purchased as chloroform stocks from
Avanti Polar Lipids. All stocks were stored at -20°C until use. Chloroform stocks of lipids
blended at desired molar ratios were dried under a nitrogen gas stream in a Pyrex tube,
followed by overnight evaporation in a vacuum desiccator to remove all traces of
organic solvent. Dried lipid films were hydrated in hydration buffer [100 mM NaCl, 20
mM HEPES (pH 7.5)] to a concentration of 12.7 mg lipids/mL, and the resulting
multilamellar liposomes were passed 21 times through a Mini-Extruder (Avanti) with 0.1
μm polycarbonate membranes to produce LUVs. Final liposome molar concentrations
were quantified with ammonium ferrothiocyanate in accordance with the protocol
outlined by Marom and Azem, 2013.

Fluorescence Spectroscopy

Steady-state fluorescence measurements were performed with a Fluorolog 3-22
spectrofluorometer (HORIBA Jobin-Yvon) equipped with photon-counting electronics,
double-grating excitation and emission monochromators, and a 450-W xenon lamp.
Anisotropy and emission measurements were performed with samples in 4 × 4–mm
quartz microcells and fluorescence time course measurements were performed with
samples in 1-cm quartz cuvettes with continuous stirring. In all cases, fluorescent

118

samples were measured in parallel with blank samples (lacking protein or liposomes but
otherwise identical to the fluorescent sample) for signal subtraction to obtain the
emission originating from Trp3. Samples contained Tim23IMS constructs (final
concentration, 1 μM for anisotropy and emission measurements and 0.2 μM for time
course measurements) and the indicated concentration of LUVs of defined lipid
composition. For time course measurements, 8M acrylamide stock was added to
liposomes and protein constructs for a final concentration of 100 mM. Emission scans
(4-nm bandpass for emission and anisotropy; 8-nm bandpass for time course) to
measure native tryptophan fluorescence were conducted with an excitation wavelength
of 295 nm (2-s integration time for anisotropy; 0.5-s integration time for time course; 1nm steps) and a cross-oriented configuration of polarizers (Expol = 90°, Empol = 0°). For
all sample types, spectra were measured from a minimum of three independently
prepared samples. Anisotropy (r) was calculated using the equation
r=

I““ − G ∗ I“–
I““ + 2G ∗ I“–

where Ivv corresponds to vertically polarized excitation and vertically polarized emission,
IVH corresponds to vertically polarized excitation and horizontally polarized emission,
and G corresponds to the G factor, which is the ratio of the sensitivities of the detection
system for vertically and horizontally polarized light. All data points were fit using
KaleidaGraph (Synergy Software).

Quantitative Analysis of Binding

Binding parameters were evaluated using fits to the Langmuir binding isotherm
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𝜃=

(𝑛[𝑃]8 + [𝐿]8 + 𝐾] ) − o(𝑛[𝑃]8 + [𝐿]8 + 𝐾] )B − (4𝑛[𝑃]8 [𝐿]8 )
2(𝑛[𝑃]8 )

where [L0] is the total ligand (lipid), [P0] is the total macromolecule (protein), θ is the
fractional saturation (binding sites occupied/total binding sites). All data points were fit
using KaleidaGraph (Synergy Software).

Molecular Dynamics System Setup (Provided by Dr. Kevin Boyd of the May Lab,
University of Connecticut)

An extended conformation of the first 20 N-terminal residues of Tim23 were
generated using the Ad Bax NIH extended conformation tool
(https://spin.niddk.nih.gov/bax/nmrserver/pdbutil/ext.html). For a subset of simulations,
glycine 6 was mutated to proline using Pymol. All simulations were run using the
CHARMM-36 additive forcefield (Klauda et al., 2010; Best et al., 2012). The C-terminal
20th residue was acetylated using the CHARMM-GUI (Lee et al., 2016) to avoid an
artificial C-terminal charge. The CHARMM-GUI Membrane Builder (Wu et al., 2014) was
then used to generate solvated systems. Tim23 was placed in random orientations with
a minimum distance of at least 2 nm from the bilayer through any periodic image. The x
and y dimensions were initially set to 8 nm, and the z dimension was on average ~13
nm. Three lipid compositions were created, the first consisting of 100%
palmitoyloleyolphosphatidylcholine (POPC). The second and third lipid bilayers were
composed of 80% POPC and 20% tetraoleoylcardiolipin (TOCL), with a -1, and -2 head
group charge, respectively. Systems were neutralized with sodium chloride and brought
to a total ion concentration of 150 mM.
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Two additional simulations of bilayers without protein were performed to calculate
bilayer properties. One of these simulations was composed of 100% POPC, the other
80% POPC, 20% TOCL (-2). A list of all simulations with protein and lipid compositions
can be found in Table 3.2.

Simulation Methods (Provided by Dr. Kevin Boyd of the May lab, University of
Connecticut)

Systems were simulated using Gromacs 5.0.1 (native Tim23 simulations) and
Gromacs 2018 (glycine mutant simulations). Systems were minimized with the
steepest-descent minimization scheme for 2000 steps. Equilibration of each system was
accomplished following CHARMM-GUI suggestions, with a brief NVT simulation
followed by successive NPT simulations with position restraints on lipid head groups
and the protein.
Production simulations were run using the md integrator with a timestep of 2
femtoseconds. Systems were simulated in the NPT ensemble, with temperature
maintained at 303K using the Nose-Hoover (Hoover, 1985) coupling scheme with a time
constant of 1 ps, and pressure maintained at 1 bar using the Parrinello-Rahman
(Parrinello and Rahman, 1981) coupling scheme with a time constant of 5 ps and
compressibility 4.5 E-5 bar-1. Pressure coupling was semiisotropic, with the lateral
dimensions of the bilayer (x/y) coupled separately form the z dimension. Short range
Van der Waals interactions were switched to zero between 1.0 and 1.2 nm using the
force-switch method. Short range electrostatics were similarly treated, and long-range
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electrostatics were calculated using the particle mesh Ewald method.

Molecular Dynamics Analysis Methods (Provided by Dr. Kevin Boyd of the May lab,
University of Connecticut)

Minimum distances between Tim23IMS and the bilayer were calculated using the
gmx mindist tool. Other protein z-coordinate analyses were performed using a
combination of in-house python analysis scripts and MDTraj (McGibbon et al., 2015)
routines. Images were created using VMD (Humphrey et al., 1996).
A number of quantities were calculated by discretizing z-coordinate or distance
time courses to “bound” or “unbound” states based on a hard cutoff. To avoid false
apparent binding and unbinding artifacts due to transient contacts, transitions between
states were only counted if a change in state was observed for all frames in a 10 ns
window.
Lateral pressure profiles were calculated using Gromacs-LS, (Vanegas et al.,
2014) a modified version of Gromacs 4.4.5. Positions and velocities were saved every
10 ps. In Gromacs-LS, the PME algorithm cannot be used, and so electrostatics have
to be calculated beyond the typical short-range cutoff. A recent publication (Boyd et al.,
2018) has demonstrated that for accurate calculation of bilayer properties such as the
spontaneous curvature, this cutoff needs to be as large as 3+ nm, but for qualitative
assessment a shorter cutoff is sufficient. We chose a cutoff of 2.4 nm as a balance
between rigor and computational feasibility. Defects in lipid-only membranes were
assessed using the PackMem tool (Gautier et al., 2018) and custom postprocessing.
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PackMem works by gridding up the box coordinates with fine granularity. Moving from
the solution to the bilayer in the z dimension, a “defect” is encountered if the first atom
encountered is a nonpolar/acyl group, rather than a head group atom. PackMem further
discriminates between normal defects and “deep” defects based on the z-coordinate of
the defect compared to the glycerol level of the bilayer.
The default PackMem analysis is to calculate the probability that a defect is of a
certain size – that is, probabilities are based on the population of defects. Instead, we
calculate probabilities as the average fraction of membrane area taken by defects of a
given size. This approach allows us to assess absolute differences in defect coverage in
the bilayer rather than relative distributions. We further process this data as a
cumulative sum of defects up to a given size; that is, the probability at any point on the
bilayer surface of finding a defect of at least a given size.
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3.6 Figures and Tables
A

B

Figure 3.1 The S. cerevisiae Tim23IMS Hydrophobic Hook Region. A) Sequence of
S. cerevisiae Tim23IMS (residues 1-20). B) Sequence logo analysis based on multiple
sequence alignments of fungal Tim23 species from Division Ascomycota, Class
Saccharomycetes. The bracket shows the region of the canonical hydrophobic hook
(Trp3-Leu4-Phe5) and flanking sites on the N-terminal (negative numbers) and Cterminal (positive numbers) sides.
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Figure 3.2 Conservation Analysis of Tim23IMS Residues 1-20. Sequence logo
analysis representing multiple sequence alignments of the first 20 amino acids of
Tim23IMS fungal and animal species. Groupings (‘type’) are based on identified
sequence similarities. A) Kingdom Fungi. Type A represents Division Ascomycota,
Class Saccharomycetes; Type B represents Division Ascomycota, Classes
Eurotiomycetes, Dothidiomycetes, Leotiomycetes, Orbiliomycetes,
Chaetothyriomycetes, and Sordariomycetes (Orders Sordarialies, Xilariales, and
Magnaporthales); Type C represents Division Ascomycota, Classes Sordariomycetes
(Orders Hypocreales, Diaporthales, Microascales, Magnaporthales, and
Glomerellalales) and Pezizomycetes; Type D represents Division Basidiomycota,
Classes Agariomycetes, Teleomycetes, Tremellomycetes, Exobasidiomycetes,
Ustilaginomycetes, Wallemiomycetes, Microbotryomycetes, and Mixiomycetes. B)
Kingdom Animalia. Type A represents Phylum Chordata, Classes Mammalia, Reptilia,
and Aves; Type B represents Phylum Chordata, Classes Amphibia and Actinoptergii;
Type C represents Phylum Arthropoda, Class Insecta, Order Hymenoptera; Type D
represents Phylum Arthropoda, Class Insecta, Orders Diptera and Coleoptera; Type E
represents Phylum Arthropoda, Classes Arachnida, Orders Ixodida, Araneae,
Trombidiformes, and Geophilomorha, and Class Insecta, Order Hemiptera; Type F
represents Phylum Nemotoda, Class Enoplea.
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Figure 3.3 Purification of Tim23IMS Variants. The S. cerevisiae Tim23IMS variants
indicated (10 μg each) were resolved by SDS-PAGE and visualized by Coomassie
staining.
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20% TOCL
POPC only

Figure 3.4 Lipid-dependence of Tim23IMS Membrane Interactions. A) Representative
fluorescence emission spectra of Tim23IMS control (1 μM) titrated with LUVs composed
of POPC only (left) or 20% TOCL in a host background of POPC (right). B. Binding
isotherms of Tim23IMS control (1 μM) titrated with LUVs composed of POPC only (blue)
or 20% TOCL in a host background of POPC (red). Values shown are means (n=3 ±
SD).
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Figure 3.5 Anisotropy-based Tim23IMS Membrane Binding Isotherms. Fluorescence
anisotropy measurements of Tim23IMS variants (1 μM) titrated with LUVs composed of
20% TOCL in a host background of POPC. Panels A-D, binding curves for TIM23IMS
control (WT, black) are shown in comparison with Tim23IMS variants with mutations at:
A) Ser2 (S2A, red); B) Gly6 (G6P, red; G6L, blue; G6A, green); C) Asp7 (D7N, red;
D7R, blue); and D) Lys8 (K8Q, red; K8E, blue). Values shown are means (n=3 ± SD).
All binding isotherms showing evidence of hyperbolic saturation were fit with Langmuir
binding models (solid lines). E) Calculated KD values (n=3 ± SD); in cases where no
binding was detected (Gly6 mutants), no curve fitting was attempted. Statistical
significance (p<0.05) indicated by (*).
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Figure 3.6 Emission Intensity-based Tim23IMS Membrane Binding Isotherms.
Fluorescence intensity measurements of Tim23IMS variants (0.2 μM) titrated with LUVs
composed of 20% TOCL in a host background of POPC in the presence of 100 mM
acrylamide. Values are shown as fractional increase in emission relative to the no-lipid
control (F/ F0). Panels A-D, representative binding curves for TIM23IMS control (WT,
black) are shown in comparison with Tim23IMS variants with mutations at: A) Ser2
(S2A, red); B) Gly6 (G6L, red; G6A, blue); C) Asp7 (D7N, red; D7R, blue); and D) Lys8
(K8Q, red; K8E, blue). All binding isotherms showing evidence of hyperbolic saturation
were fit with Langmuir binding models (solid lines). E) Calculated KD values (n=3 ± SD);
in cases where no binding was detected (Ser2 and Gly6 mutants), no curve fitting was
attempted. Statistical significance (p<0.05) indicated by (*).
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Figure 3.7 Analysis of Tim23IMS Binding Interactions by Atomistic MD. (A-C) Time
course profiles of the minimum distance between Tim23IMS(1-20) and bilayers
containing A) 100% POPC, B) 80% POPC-20% TOCL with a -1 headgroup charge, and
C) 80% POPC-20% TOCL with a -2 headgroup charge over the course of a 500 ns
simulation. Flat lines at 0 indicate that Tim23IMS(1-20) is in constant contact with the
bilayer. Each uniquely colored line represents an individual simulation. D)
Representative snapshot of the bound state of Tim23IMS(1-20) to a bilayer consisting of
80% POPC-20% TOCL (-2 headgroup charge). Gly6 is highlighted in green, Asp7 is
highlighted in red, and Lys8 is highlighted in blue.
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Figure 3.8 Binding Behavior of Tim23IMS to Membranes. Summary of molecular
dynamics simulation trials for three bilayer compositions wherein Tim23IMS(1-20) binding
behavior is discretized into three different states (defined in text): unbound (red), loosely
bound (blue), and tightly bound (green). Solid lines represent the duration of the loosely
bound state, dashed lines represent the sustained duration of the tightly bound state,
and the lack of a line indicates that Tim23IMS is in solution.
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Figure 3.9 Mean First Encounter Times Between Tim23IMS and Membrane.
Summary of the mean first encounter rates between Tim23IMS and POPC, TOCL1, and
TOCL2 bilayer systems. Each rate was measured as the time from the start of the MD
simulation to the moment at which a loose binding event first occurred.
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Figure 3.10 Defects in CL-Containing Bilayers. A) The cumulative probability of
finding a defect along the surface of a POPC bilayer compared to that of a TOCL2
bilayer. B) Ratio of TOCL2/POPC defect probability for each defect area (on the order of
0.2 nm2). Calculations were performed using the PackMem tool (see Materials and
Methods section).
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Figure 3.11 Membrane Binding Behavior of Tim23IMS(1-20) G6P. Summary of MD
simulation trials where G6P Tim23IMS (residues 1-20) binding behavior is discretized into
three different states (defined in text): unbound (red), loosely bound (blue), and tightly
bound (green). Solid lines represent the duration of the loosely bound state, dashed
lines represent the sustained duration of the tightly bound state, and the lack of a line
indicates that Tim23IMS is in solution.
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Figure 3.12 Lateral Pressure Profiles of Membrane Systems. The lateral pressure
profiles of POPC (blue) and TOCL2 (red) bilayers are shown as a function of membrane
depth (z), with the center of the membrane at z = 7.0 nm. Positive pressures originate
from repulsive forces in the headgroup and acyl chain regions; negative pressures
originate from interfacial tension at the polar-apolar interface.
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Figure 3.13 Binding Behavior of Tim23IMS Hydrophobic Hook Relative to Lateral
Bilayer Pressures. Monolayer representations of lateral pressure profiles (black lines)
for the TOCL2 bilayer mapped onto the average side chain positions of the first six
amino acids of Tim23IMS(1-20) in the loosely bound (A) and tightly bound (B)
configurations.
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Sequence
MSWLFGDKT…WTDD96
1
MSWLFGDKT…FTDD96
1
MAWLFGDKT…FTDD96
1
MSWLFPDKT…FTDD96
1
MSWLFLDKT…FTDD96
1
MSWLFADKT…FTDD96
1
MSWLFGNKT…FTDD96
1
MSWLFGRKT…FTDD96
1
MSWLFGDQT…FTDD96
1
MSWLFGDET…FTDD96

Name of construct
Wild type
Control
S2A
G6P
G6L
G6A
D7N
D7R
K8Q
K8E

1

Table 3.1 Library of S. cerevisiae Tim23IMS Constructs. Summary of Tim23IMS
constructs with relevant site-specific amino acid mutations shown in red. The control
construct contains a single Trp to Phe substitution at residue 93 and served as the
template for all constructs used in this study. The remaining constructs each contain
single mutations at specific regions flanking the hydrophobic hook site as shown.
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Abbreviation

Protein

Lipid composition

Replicates

Native

100% POPC

6

POPC

Native

80% POPC, 20% TOCL(-1)

6

TOCL1

Native

80% POPC, 20% TOCL(-2)

6

TOCL2

G6P

80% POPC, 20% TOCL(-2)

6

None

100% POPC

1

None

80% POPC, 20% TOCL(-2)

1

Table 3.2 List of MD Simulations. “Native” protein is the N-terminal 20 residues of
Tim23, with an amidated C-terminus. G6P is the glycine to proline mutant at position 6.
“None” indicates protein-less control simulations.
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Chapter 4

Investigation of the Structural Alterations in Lipid Bilayer Properties
Associated with Tim23IMS Binding

Derived from: Brundin, M.K., Eddy, N.A., and Alder, N.N. Investigation of the Structural
Alterations in Lipid Bilayer Properties Associated with Tim23IMS Binding, In preparation.
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4.1 Abstract

Tim23, the central component of the TIM23 complex, is involved in the
recognition, sorting, and transport of nuclear encoded, inner membrane- and matrixtargeted preproteins through the mitochondrial inner membrane. Tim23 is comprised of
a channel-forming core domain embedded in the inner membrane as well as a soluble,
intrinsically disordered domain exposed to the inner membrane space (Tim23IMS). Work
from our group and others has shown that cardiolipin, the signature phospholipid of the
mitochondrion, enhances the activity and subunit interactions of the TIM23 complex, as
well as membrane interactions of two specific regions of Tim23IMS. Although the ability
of Tim23IMS to dynamically anchor into the lipid bilayer is predicted to allow this protein
to mediate protein translocation across both mitochondrial membrane systems, the
molecular details and exact function of this interaction are poorly understood. While the
predominant physicochemical properties as well as the structural changes that Tim23IMS
experiences upon membrane insertion have been investigated in some detail, the
contributions and dynamic roles of cardiolipin itself are not as well understood. In this
chapter, we use a combination of biochemical and biophysical approaches to elucidate
the conformational and structural perturbations of cardiolipin-containing bilayers upon
Tim23IMS insertion using Tim23 from Saccharomyces cerevisiae as a model. We show
that Tim23IMS insertion has a disordering effect on the interfacial region of model
membranes. This binding event perturbs the lateral mobility and packing of the acyl
chain of the bilayer interior, causing the hydrocarbon bonds closest to the acyl chain
center to become more dynamic. Additionally, we show that Tim23IMS alters the lipid

140

headgroup orientation and order parameters of the bilayer in a dose-dependent manner.
Taken together, these results support a mechanism of action in which Tim23IMS binding
causes structural alterations in key physical properties of cardiolipin-containing
membranes of mitochondria.

4.2 Introduction

The vast majority of mitochondrial proteins are synthesized on cytosolic
ribosomes and are subsequently imported and sorted into specific mitochondrial
compartments by protein translocase machineries, two of which are the Translocase of
the Outer Membrane (TOM) complex and the Translocase of the Inner Membrane 23
(TIM23) complex. The TOM complex functions as the entryway by which all nuclearencoded proteins traverse the OM into the IMS and thus enter the mitochondrion
(Kiebler et al., 1990). The TIM23 complex specifically recognizes and mediates the
translocation of matrix-targeted proteins across the IM and the integration of membrane
proteins into the IM, respectively. The central subunit of the TIM23 complex, Tim23, is
comprised of a hydrophilic, intrinsically disordered IMS domain (Tim23IMS) as well as a
membrane-embedded, channel-forming domain comprised of four predicted helical
transmembrane segments (Martinez-Caballero et al., 2006). Tim23IMS is the largest
disordered domain of the mitochondrial protein import machinery and has been shown
to bind promiscuously to multiple components of the TOM and TIM23 complexes (de la
Cruz et al., 2010; Bajaj et al., 2014a). Recent NMR analysis has revealed that Tim23IMS
also binds to lipid bilayers at two distinct regions (residues 1-7 and residues 29-46;
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Saccharomyces cerevisiae; Bajaj et al., 2014b). Although these two binding regions are
predicted to dynamically anchor Tim23 to the lipid bilayers in order to promote efficient
protein import, there is still very little information regarding the molecular details of this
interaction.
Work from our group and others has revealed that the ability of Tim23IMS to bind
to the lipid bilayer is enhanced in the presence of cardiolipin (Bajaj et al., 2014b).
Cardiolipin (CL) is considered to be the signature phospholipid of mitochondria as it
undergoes de novo synthesis and predominantly resides in the organelle, constituting
constituting approximately 5% of the lipids of the outer membrane and 10-20% of the
lipids of the inner membrane (Sperka-Gottlieb et al., 1988). Of the various
phospholipids, CL has unique structural and chemical characteristics in that it has two
negatively charged phosphate headgroups joined by a central glycerol moiety and thus
four fatty acid acyl chains. At physiological pH, CL carries a net charge of -2, making it
an important component of the electrostatic profile of the inner membrane (Sathappa et
al., 2016). Additionally, the small cross-sectional area of its polar headgroups relative to
that of its bulky acyl chains can create a conical shape, which confers CL the propensity
to form inverted hexagonal II (HII) or non-bilayer forming structures in isolation. Nonbilayer forming phospholipids promote negative curvature within a membrane system
and thus substantially influence its properties and architecture (Böttinger et al., 2016)
The unique physicochemical properties of CL make it a critical component of numerous
mitochondrial processes, including oxidative phosphorylation, maintenance of cristae
morphology, mitochondrial fusion and fission, apoptosis, and protein import (Baile et al.,
2014a; Claypool and Koehler, 2012; Jian et al., 2000; Kutik et al., 2008; Tamura et al.,
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2006; Tamura et al., 2009). Detailed analyses of the lipid compositions at translocation
contact sites have revealed that these regions are particularly enriched in CL,
comprising approximately 24% of the total lipid content (Ardail et al., 1990). As such, it
is possible that CL may function to enhance cooperation between the TOM and TIM23
complexes by allowing the membrane-binding regions of Tim23IMS to dynamically
anchor Tim23 to lipid bilayers and establish translocation contact sites, though this
association remains poorly understood.
In order to elucidate the structure-function relationship of a given membraneinteracting protein and achieve a thorough understanding of the significance of such an
association, one must consider the changes that the protein imparts on the lipid bilayer.
While the properties and functions of many membrane-associated proteins have been
investigated in some detail, the contributions and dynamic roles of lipids in mediating
protein binding have been less prominent. Developments in structural analysis
techniques have allowed groups to rigorously investigate phospholipid order
perturbation induced by protein insertion (Salnikov et al., 2009; Yamaguchi et al., 2002;
Dave et al., 2004). Moreover, measuring changes in the local dynamics and orientations
of individual lipid molecules within a bilayer upon protein association can provide critical
insight into the mechanism of action of the protein (Marbella et al., 2015). To highlight
the importance that a specific lipid composition might have in mediating protein and
membrane binding, the physicochemical characteristics of non-bilayer forming
phospholipids such as CL have been shown to allow a protein more accessibility to the
hydrocarbon core of the bilayer, as this non-bilayer lipid imparts a higher degree of acyl
chain disorder and headgroup packing defects (Sternin et al., 1988; Vamparys et al.,
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2013). Moreover, previous computational work has shown that CL perturbs bilayer
packing (Boyd et al., 2018) and more recent molecular dynamics work from our group
has confirmed that sizeable lipid packing defects (on the order of 0.2 nm2) are
approximately 1.5 times more likely to occur in CL-containing bilayers compared to
bilayers that lack CL (Brundin et al., in preparation). Currently, it is unknown whether the
binding of Tim23IMS imparts significant changes on the structural arrangements of
phospholipids within mitochondrial membranes and if the predicted headgroup packing
order defects induced by CL does indeed drive protein insertion. In this chapter, we use
biophysical and biochemical approaches to rigorously investigate the structural nature
of the enhanced binding interaction between Tim23IMS and CL-containing bilayers.

4.3 Results

Fluorescence-detected Changes in Lipid Packing Order

To assess whether Tim23IMS alters the local environment of phospholipids within
a bilayer, we monitored the spectral changes of large unilamellar vesicles (LUVs)
labeled with membrane-bound fluorescent reporters laurdan (6-dodecanoyl-2dimethylaminonapthalene) and prodan (6-propionyl-2-dimethylaminonaphthalene) and
subject to titration with wild type Tim23IMS from S. cerevisiae. The fluorescent
naphthalene moiety of these probes possesses a dipole moment due to a partial charge
separation between the 2-dimethylamino and the 6-carbonyl residues, which increases
upon photon excitation and triggers the reorientation of solvent dipoles. The energy
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required for solvent reorientation decreases the probes’ excited state energy, which is
manifested as a continuous red shift of their steady-state emission spectra (Parasassi et
al., 1998). Therefore, variations in the degree of penetration of water molecules at
different membrane depths (i.e. hydration) due to protein insertion will yield noticeable
spectral shifts in laurdan and prodan emission spectra, making these probes useful
reporters of changes in headgroup packing and local environment. Because of the
different lengths of their acyl residues, laurdan and prodan partition differently within a
lipid bilayer—prodan preferentially partitions at the bilayer surface and is sensitive to
changes in headgroup packing whereas laurdan is tightly anchored within the
hydrophobic core of the bilayer, allowing it to probe changes within the interfacial region
at the polar-apolar boundary (Krasnowska et al., 1998; Parasassi et al., 1998; Jay and
Hamilton, 2016). As such, analyzing both of these probes allows one to more rigorously
assess the extent to which the two membrane-binding regions of Tim23IMS affects lipid
headgroup packing upon binding to a membrane.
The spectral properties of laurdan and prodan are quantified as the generalized
polarization (GPLAU and GPPRO, respectively), which increases with enhanced lipid
packing (reduced interfacial hydration) and decreases with lipid packing defects
(enhanced interfacial hydration). We incorporated laurdan and prodan probes into LUVs
containing 80% 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 20%
tetraoleoyl cardiolipin (TOCL), a composition mimicking the major relevant phospholipid
composition of the mitochondrial inner membrane. We then obtained steady-state
fluorescence emission spectra of the probe-labeled LUVs upon addition of increasing
amounts of Tim23IMS and quantified the observed spectral changes by calculating the
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GPLAU or GPPRO value at each respective protein concentration.
The results of Tim23IMS titration on GPPRO and GPLAU are shown in Figure 4.1,
which can be interpreted as follows. First, in the absence of protein ([Tim23IMS] = 0), the
GP values for prodan- and laurdan-containing LUVs (panels A and B, respectively) were
consistent with reported values for model membranes with similar lipid compositions
(Amaro et al. 2017; Hernandez-Villa et al. 2018). Second, for both probes, there was a
marked decrease in GP values associated with increasing [Tim23IMS], indicative of an
increase in phospholipid packing disorder attendant with greater interfacial hydration.
These changes can be related to defects in lipid packing interactions as well as
increased two-dimensional ‘fluiditiy’ (enhanced lipid translational mobility). Third, the
concentration-dependent response of each probe to Tim23IMS differed, with the more
surface-exposed prodan saturating its response at lower protein concentration (at a
protein:lipid molar ratio of 0.004) and the more deeply-located laurdan saturating
showing signs of saturation at higher concentrations (near a protein:lipid molar ratio of
0.016). Finally, we have shown that the G6P variant of Tim23IMS does not interact stably
with CL-containing membranes (Chapter 3). Interestingly, we found that titration
experiments with Tim23IMS G6P did not influence GPPRO at all (panel A). This result
supports the lack of membrane interaction by this mutant and also strongly suggests
that the Tim23IMS-dependent effect we observe on these membrane properties requires
membrane interaction of the hydrophobic hook region.

Headgroup Orientation and Surface Charge
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To further explore Tim23IMS-induced membrane structural changes with atomistic
resolution, we used static 2H solid-state NMR spectroscopy (ssNMR). The spectral
width of 2H quadrupolar splitting is strongly affected by the orientation, motion, and
environment of a given deuteron. As such, one can measure ssNMR spectra of
deuterated lipids in the presence and absence of protein and compare observed
variations in the quadrupolar splitting of the deuterons. These quadrupolar splitting
variations can be used to calculate the order parameter of a given 2H-X bond, which
quantifies the angular fluctuations of the bond above its average orientation
(MacDonald, 1997; Marbella et al., 2015). Order parameters range from 0 to 1.0, with a
lower value indicating a greater degree of angular fluctuation and a higher value
indicating a smaller degree of angular fluctuation.
To this end, we prepared LUVs with a binary lipid composition of fully miscible
species of CL in a host background of headgroup-deuterated PC. This included 80%
1,2-dimyristoyl-sn-glycero-3-phosphocholine-1,1,2,2-d4 (DMPC-d4) and 20% 1,1’,2,2’tatramyristoyl cardiolipin (TMCL), each containing fully-saturated 14-carbon (myristoyl)
acyl chains. These LUVs were used to measure the respective 2H ssNMR spectra in the
presence and absence of wild type Tim23IMS up to a protein:lipid molar ratio of 1:500, or
0.002. The two methyl groups of DMPC-d4 phosphocholine are deuterated, thereby
allowing the orientation of DMPC-d4 headgroups relative to the bilayer normal to be
characterized. Raw ssNMR powder spectra were dePaked so that the bilayer normal of
each sample was aligned perpendicular to the applied magnetic field of the instrument.
The quadrupolar splitting of the deuterated methyl groups of DMPC-d4 were measured
from the dePaked spectra and subsequently converted into order parameters. The
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methyl group carbons were labeled such that “α” corresponds to the P-O-C-2E ≥H2
carbon and “β” corresponds to the C-2H2-N-(CH3)3 carbZon (Figure 2.17).
The results of Tim23IMS titration on order parameters based on deuterium
quadrupole splittings (Δn) of DMPC-d4 are shown in Figure 4.2, including the dePaked
2

H NMR spectra (panel A) and the calculated order parameters (panel B) resulting from

increasing concentrations of Tim23IMS. The assignment of α and β deuterons is based
on comparison with values in the literature; however, unambiguous assignment must
come from future studies using α and β carbons that are individually deuterated. Our
data show that in the absence of protein ([Tim23IMS] = 0), the 2H NMR data show
patterns expected from membranes with a negative surface charge density, with the Δn
of α deuterons larger than the Δn of β deuterons (Brown and Seelig, 1977). This pattern
is believed to arise from a “choline tilt” in which the large dipole (the P-N vector) of the
choline headgroup aligns itself with the electric field from the membrane surface and the
quaternary amine of the choline is attracted to anionic phosphates at the bilayer surface
(MacDonald, 1997; Akutsu and Seelig, 1981; Seelig et al., 1987). With increasing
[Tim23IMS], we observed a progressive reduction in the Δn of α deuterons and increase
in the Δn of β deuterons. Such counter-directional change has long been observed for α
and β deuterons as the surface charge of anionic membranes is reduced with
concurrent orientational rearrangement of the choline from a position parallel to the
membrane surface to one parallel to the membrane normal (Macdonald 1997; Roux et
al., 1989). In this regard, PC has been considered to act as a “molecular voltmeter”.
Therefore, we propose that Tim23IMS alters the surface charge distribution of membrane
headgroups, allowing the α carbons closer to the negatively-charged phosphate groups
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to become more dynamic while the β carbons nearer the positively charged amine
become extended from the membrane with reduced mobility. Notably, the concentration
at which Tim23IMS began to show a sizeable effect on α and β order parameters
(protein:lipid = 0.002) corresponded to the concentration at which Tim23IMS began to
affect the GP of prodan (protein:lipid = 0.004) and was significantly lower than the
concentration at which Tim23IMS saturated the response in the GP of laurdan
(protein:lipid = 0.016). Therefore, these data suggest that the effect of Tim23IMS on the
choline tilt occurs at slightly lower concentrations than its effect on lipid packing density
and interfacial hydration.

Phospholipid Acyl Chain Dynamics

Having quantitatively assessed the electrostatic and structural changes that
Tim23IMS imparts on membrane headgroups, we next sought to assess the effects of
protein insertion on the hydrophobic interior of the bilayer. To this end, we constructed
LUVs containing 80% 1-palmitoyl-d31-2-oleoyl-sn-glycero-3-phosphocholine (POPCd31) and 20% TOCL and measured 2H ssNMR spectra in the presence and absence of
a 1:500 protein to lipid ratio of wild type Tim23IMS. POPC-d31 is selectively deuterated
along its 16:0 acyl chain, allowing us to rigorously probe the structure and dynamics of
the hydrocarbon core of the bilayer. Raw NMR powder spectra were dePaked so that
the bilayer normal of each sample was aligned perpendicular to the applied magnetic
field of the instrument (Figure 4.3A). The quadrupolar splitting of every 2H-C bond
along the acyl chain of POPC-d31 was directly measured from the dePaked spectra and
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subsequently converted into order parameter. Each 2H-C bond was labeled by “carbon
number” such that “carbon 1” is the 2H2-C group closest to glycerol backbone of POPCd31 and “carbon 15” is the 2H3-C group at the end of the 16:0 acyl chain of POPC-d31.
Our data show that order parameters decrease with increasing distance from the
POPC-d31 headgroup, a trend that is observed in other model membranes of similar
lipid composition (Figure 4.3B) (Dave et al., 2004; Huber et al., 2002). Interestingly,
Tim23IMS binding appears to decrease the order parameters of carbons 6 through 10 of
POPC-d31 acyl chains, indicating that these regions have a higher degree of mobility in
the presence of protein. Conversely, order parameters from carbons 1-4 are slightly
higher in the presence of Tim23IMS, indicating that these regions become more rigid
upon protein binding.

4.4 Discussion

The goal of this study was to rigorously probe the conformational and structural
perturbations of CL-containing bilayers upon Tim23IMS insertion. Our prodan and
laurdan fluorescence emission data have indicated that the binding of Tim23IMS to the
membrane causes perturbation of the lipid headgroups, thereby allowing the interfacial
region of the bilayer to become more hydrated. This increase in hydration and fluidity is
reflected in a saturable decrease in prodan and laurdan GP values upon Tim23IMS
titration (Figure 4.1). Previous work from our group has shown that the presence of CL
within a membrane increases the probability that the given bilayer will have surface
packing defects. We suspect that this structural property facilitates the enhanced
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binding association of Tim23IMS. Furthermore, as Tim23IMS binds to the bilayer, the
packing defects progressively increase, likely related to the non-bilayer forming
propensity of CL, thereby causing the interfacial region to become increasingly
hydrated.
In addition to membrane packing interactions, we discovered that the binding of
Tim23IMS to CL-containing bilayers alters the orientation of the PC headgroup choline in
a manner likely related to membrane charge distribution. The formal dianionic charge of
the headgroup region of CL allows it to influence the chemical and physical properties of
neighboring phospholipids within the membrane. Moreover, membrane regions with
anionic surface charges have been shown to affect the topography of
phosphatidylcholine headgroups such that the positively-charged amide groups at the
tips of the extended lipid molecules are tilted downward towards the surface of the
membrane due to electrostatic attractive forces, thereby causing the ethanolamine
groups to become more rigid (MacDonald, 1997). Our 2H ssNMR experiments suggest
that Tim23IMS causes the relative anionic surface charge of the bilayer to be quenched
upon binding to the protein. The biophysical basis for this phenomenon is demonstrated
by the order parameters of the α and β carbons of DMPC-d4 (Figure 4.2). In the
presence of Tim23IMS, the order parameter of the α carbon of DMPC-d4 decreases
while that of the β carbon increases, consistent with a model in which the electrostatic
interactions between the DMPC amide groups and the CL headgroups are severed. As
such, the α carbon closer to the bilayer surface gains axial mobility, resulting in a
decreased order parameter. Conversely, the β carbon closer to the amide group loses
axial mobility. It is possible that Tim23IMS, which has an estimated pI value of 4.22 and
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thus a prevalence of acidic groups, interacts with the amide group at the bilayer surface,
thereby reducing its mobility. While the observed effects on the α and β carbons of
DMPC appear to be dose-dependent, future work with higher Tim23IMS concentrations is
required in order to measure a saturable response by 2H NMR at the headgroup region.
Rigorous analysis of acyl chain dynamics has revealed that Tim23IMS insertion
causes the hydrocarbon bonds closest to the lipid headgroup region of the bilayer to
become slightly more motionally constricted while those closer to the center of the acyl
chains become significantly more dynamic (Figure 4.3). This could be related to the
double bond in the sn-2 chain of POPC. In the absence of Tim23IMS, the region around
this “kink” in acyl chain has relatively higher order parameters, possibly owing to the
high positive pressure at this depth. When Tim23IMS docks, it changes the lateral
pressure profile, tightening the headgroup region as it partitions into the bilayer
interface. This has the effect of reducing the pressure near the middle of the acyl chain
region at the depth of the double bounds, thus reducing the order parameter at this
region.
Taken together, our results support a model in which Tim23IMS partitions into the
bilayer in a way that exploits and enhances lipid packing defects. Upon insertion,
Tim23IMS quenches the surface charge of the bilayer by reorienting the phospholipid
headgroups, thereby creating a higher degree of mobility at the bilayer interface (Figure
4.4A). This mobility allows Tim23IMS to partition more deeply and induce structural
changes within the acyl chain region of the bilayer. These structural changes involve
pushing hydrocarbon bonds at the bilayer interface close together while hydrocarbon
bonds closer to the center of the bilayer become more disordered, thereby enhancing
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lipid packing gaps on the bilayer surface (Figure 4.4B). These gaps in the bilayer allow
the interfacial region to become more accessible to the solvent and thus more hydrated.
We speculate that because CL-containing bilayers have a higher degree of packing
defects and acyl chain disorder, these properties allow Tim23IMS to bind more easily. In
this way, CL enhances the binding of Tim23IMS due to its unique structural properties
within mitochondrial membranes.
Because of the rich localization of CL at translocation contact sites, it is possible
that Tim23IMS functions to promote mitochondrial protein import by bridging the gap
between the TOM and TIM23 complexes at these contact sites. We speculate that
Tim23IMS destabilizes local lipid packing in order to more securely anchor into
mitochondrial membranes and serve as a receptor for preprotein in transit from the
TOM complex. Additionally, studies have indicated that loose lipid packing is critical for
proper functioning of the endoplasmic reticulum by alleviating stress associated with an
overabundance of long-chain saturated fatty acids in the bilayer (Bigay and Antonny,
2012; Deguil et al., 2010). In this way, the lipid packing defects triggered by Tim23IMS
binding could be critical in allowing the TIM23 channel to function properly. The proteinrich nature of the inner membrane might pose challenges for the conformational
changes associated with Tim23 channel opening. As such, Tim23IMS might function to
allow the “mobility” necessary for these changes to occur. Alternatively, Tim23IMS may
cause the PC choline groups to act like “molecular voltmeters’ and interrupt choline
interactions with CL. Because CL is required for various subunit interactions among
TIM23 complex subunits, Tim23IMS could function to locally “liberate” CL and promote
these subunit interactions. Our results have paved the way for future studies
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investigating CL-mediated protein binding. A thorough understanding of the mechanism
by which a protein binds to a given membrane surface is key to elucidating its biological
function.

4.5 Materials and Methods

Plasmids and Cell Growth

The open reading frame encoding the IMS domain (residues 1-96) of S.
cerevisiae Tim23 was cloned into a pET28a vector to produce a TEV-cleavable Nterminal 6xHis-tagged expression construct. The plasmid sequence was verified by
Sanger sequencing (GENEWIZ).
For expression of Tim23IMS, competent BL21 cells (Invitrogen) were transformed
with the relevant plasmid by heat shock, and cells were grown in 400 mL of YT medium
supplemented with kanamycin (50 μg/mL) at 37°C to an A600 (absorbance at 600 nm) of
~0.8. Expression was induced by the addition of 1 mM isopropyl β-D-1thiogalactopyranoside and incubation at 26°C for 2.5 hours. For purification, cells were
collected by centrifugation (4000g for 20 min at 4°C); resuspended in resuspension
buffer [50 mM monobasic sodium phosphate (pH 7.5), 300 mM NaCl, and 5 mM
imidazole] supplemented with lysozyme (1.25 mg/mL) and 0.1 mM PMSF; incubated on
ice for 30 min; and disrupted by probe sonication. After a clarifying spin (30,000g for 30
min at 4°C) to remove insoluble material, the soluble fraction was batch-incubated with
Ni2+-NTA agarose (Qiagen) pre-equilibrated with resuspension buffer and loaded onto a
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column, followed by addition of column buffer [50 mM monobasic sodium phosphate
(pH 7.5) and 300 mM NaCl] with step gradients of imidazole (up to 400 mM). Fractions
enriched in protein were pooled and dialyzed against dialysis buffer [20 mM tris-HCl (pH
7.4), 100 mM NaCl, and 0.5 mM EDTA], followed by treatment with His-tagged TEV
protease (0.07 U/μL) overnight at 16°C. The cleaved protein was passed over a second
Ni2+-NTA column to remove the TEV protease and uncleaved protein. Protein-enriched
fractions were further purified in 30,000 kDa MWCO Amicon Ultra centrifugal filter units
(2000g for 5 min at 4°C) to remove 100,000 kDa contaminant. Purity was assessed by
SDS-PAGE and protein concentrations were quantified using a Pierce 660nm Protein
Assay. Protein samples used in NMR experiments were further concentrated using a
vacuum centrifuge/dessicator.

Assembly of Liposomes for Fluorescence Spectroscopy

Synthetic phospholipids (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
[POPC], tetraoleoyl cardiolipin [TOCL]) were purchased as chloroform stocks from
Avanti Polar Lipids. All stocks were stored at -20°C until use. Chloroform stocks of lipids
blended at desired molar ratios were dried under a nitrogen gas stream in a Pyrex tube,
followed by overnight evaporation in a vacuum desiccator to remove all traces of
organic solvent. Dried lipid films were hydrated in hydration buffer [100 mM NaCl, 20
mM HEPES (pH 7.5)] and the resulting multilamellar liposomes were passed 21 times
through a Mini-Extruder (Avanti) with 0.1 μm polycarbonate membranes to produce
LUVs. Final liposome molar concentrations were quantified with ammonium
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ferrothiocyanate in accordance with the protocol outlined by Marom and Azem, 2013.

Assembly of Liposomes for ssNMR

Synthetic phospholipids (1-palmitoyl-d31-2-oleoyl-sn-glycero-3-phosphocholine
[POPC-d31], tetraoleoyl cardiolipin [TOCL], and 1,1’,2,2’-tetramyristoyl cardiolipin
[TMCL]) were purchased as chloroform stocks from Avanti Polar Lipids. 1,2-dimyristoylsn-glycero-3-phosphocholine-1,1,2,2-d4 (DMPC-d4) was purchased as a powder stock
and manually resuspended in 1 mL of chloroform. All stocks were stored at -20°C until
use. Chloroform stocks of lipids blended at desired molar ratios were dried under a
nitrogen gas stream in a Pyrex tube, followed by overnight evaporation in a vacuum
desiccator to remove all traces of organic solvent. Dried lipid films were hydrated in
preheated (48°C) hydration buffer [100 mM NaCl, 20 mM HEPES (pH 7.5)]. The
resulting multilamellar liposomes were heated in the 48°C water bath for 25 minutes and
resuspended by gentle pipetting. Liposome suspensions were transferred to a
microfuge tube, frozen in liquid nitrogen for 30 seconds, and thawed in the 48°C water
bath for 5 minutes. This freeze-thaw process was repeated three more times so as to
ensure the formation of unilamellar liposomes.

Fluorescence Spectroscopy

Steady-state fluorescence measurements were performed with a Fluorolog 3-22
spectrofluorometer (HORIBA Jobin-Yvon) equipped with photon-counting electronics,
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double-grating excitation and emission monochromators, and a 450-W xenon lamp.
Laurdan and prodan emission measurements were performed with samples in 4 × 4–
mm quartz microcells in parallel with blank samples (lacking protein but otherwise
identical to the fluorescent sample) for signal subtraction to obtain the emission
originating from the fluorescence probes. Samples contained LUVs of defined lipid
composition (final concentration, 50 μM) and the indicated concentration of Tim23IMS.
Emission scans (4-nm bandpass for emission and anisotropy; 8-nm bandpass for time
course) to measure laurdan and prodan fluorescence were conducted with an excitation
wavelength of 395 nm (2-s integration time; 1-nm steps) and a cross-oriented
configuration of polarizers (Expol = 90°, Empol = 0°). Spectra for each probe were
measured from a minimum of three independently prepared samples. The generalized
polarization of laurdan (GPLAU) was calculated from the acquired fluorescence emission
spectra using the following equation:
𝐺𝑃pEq =

𝐼r − 𝐼st
𝐼r + 𝐼st

where Ig is the emission intensity at 440 nm and Ilc is the emission intensity at 490 nm
(Krasnowska et al, 1998). Because prodan localizes at the membrane surface, it has
been shown to exhibit appreciable fluorescence and partitioning in water (Krasnowska
et al., 2001). To allow for the separation of the spectral properties of prodan in the lipid
phase and in water, a three-wavelength GP (3wGP) method is typically used during
quantitative analysis. As such, GPPRO was measured using the following equations:
𝐺𝑃uvw =

𝑅yB − 1
𝑅yB + 1

where
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𝑅yB =

𝐼{ 𝑘|B
𝐼B 𝑘|B − 𝐼| + 𝐼| 𝑅|{

with
𝑘|B =

𝐼|}
𝐼{}

𝑅|{ =

𝐼|~
𝐼{~

and

where I1W and I3W are the emission intensities of prodan in water at 420 nm and 530 nm,
respectively, I1M and I3M are the components of the intensities at 420 nm and 530 nm
due only to the probe emission in the membrane after the subtraction of the intensity
arising from the probe in water, I1 is the prodan emission at 420 nm, I2 is the emission at
480 nm, and I3 is the emission at 530 nm. All data points were fit using KaleidaGraph
(Synergy Software).

2

H ssNMR Spectroscopy

Nuclear magnetic resonance data were acquired on a Bruker AVANCE III 400
WB Sold-State Spectrometer equipped with a 4 mm HXY MAS probe tuned to the
resonant frequency of 2H (61.4 MHz). Samples (25 μL) were added to a HRMAS liquid
insert via pipet, sealed, and placed into a 4 mm zirconia rotor with a Kel-F cap. The
solid echo pulse sequence was used with a 90° pulse of 5.75 μs, recycle delay of 0.4 s,
and echo delay or 25 μs without spin. A total of 21000 scans were acquired for each
sample. Three independently prepared samples were collected for each data point.
DMPC-d4 samples were run at 45°C and POPC-d31 samples were run at 25°C. For the
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1:500 protein to lipid samples, the final concentration of Tim23IMS in each sample insert
was 50 μM and the final concentration of LUVs was 25 mM. For the 1:1000 protein to
lipid samples, the final concentration of Tim23IMS was 25 μM and the final concentration
of LUVs was 25 mM. For the 1:2000 protein to lipid samples, the final concentration of
Tim23IMS was 12.5 μM and the final concentration of LUVs was 25 mM. 2H NMR powder
spectra were deconvoluted (dePaked) with the algorithm of McCabe and Wassall, 1995
using the NMRPipe script (Sani et al., 2013). The spectra were aligned so that the
bilayer normal was perpendicular with respect to the direction of the applied magnetic
field. The quadrupolar splitting of each deuteron was directly measured from the
dePaked spectra and converted into order parameters using the following equation:
∆𝑣

†

…

𝑒 B 𝑞𝑄 †
3𝑐𝑜𝑠 B 𝜃 − 1
= 3/2 ˆ
‹ 𝑆 •] ˆ
‹
ℎ
2

such that ∆𝑣 † … is the quadrupolar splitting for deuterium attached to the ith carbon,

Ž • •…
*

is the quadrupolar splitting constant (168 kHz for deuterium in 2H-C bonds), 𝜃 is the
angle between the bilayer normal and the magnetic field B0, and 𝑆 † •] is the chain order
parameter for a deuterium attached to the ith carbon of the acyl chain of PC (0 ≤ 𝑆 † •] ≤
1) (Dave et al., 2004; Soubias and Gawrisch, 2007). The order parameters of the 2H3-C
group of POPC-d31 were multiplied by three. Order parameters from each independent
measurement were averaged.
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4.6 Figures and Tables
B

GPPRO

A

Figure 4.1 Changes in GP Values of Solvatochromic Probes with Tim23IMS Titration.
Generalized Polarization values of LUVs (20% TOCL in a host of 80% POPC, 50 μM total
lipid) containing A) prodan, and B) laurdan following addition of Tim23IMS WT (blue) or
Tim23IMS G6P (red) at the indicated concentrations. Values shown are means (n=3 ± SD)
and lines are shown as a visual guide.

160

A

B

Figure 4.2 Effect of Tim23IMS on PC Headgroup Orientation. 2H NMR spectra of LUVs
(20% TMCL in a host of 80% DMPC-d4) were measured in the presence of Tim23IMS at
different protein:lipid molar ratios and used to calculate quadrupole splittings and order
parameters. A) Representative dePaked 2H NMR spectra showing peaks from α and β
deuterons at each protein:lipid concentration analyzed. B) Calculated order parameters
(SiCD) for α (blue) and β (red) deuterons at each protein:lipid concentration. Values shown
are means (n=3 ± SD) and lines are shown as a visual guide.
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A

B

Figure 4.3 Effect of Tim23IMS on Acyl Chain Order Parameters. 2H NMR spectra of LUVs
(20% TOCL in a host of 80% POPC-d31) were measured in the absence or presence of
Tim23IMS at a protein:lipid molar ratio of 1:500 and used to calculate quadrupole splittings and
order parameters. A) Representative dePaked 2H NMR spectra showing peaks of deuterons
at all methylene groups along the 16:0 sn-1 chain of POPC-d31. B) Calculated order
parameters (SiCD) for each 2H-C bond, labeled as “carbon number” (carbon 1 is the methylene
closest to the glycerol backbone; carbon 15 is the 2H3-C terminal methyl group). Data are
shown for measurements in the absence (blue) and presence (red) of Tim23IMS. Values
shown are means (n=3 ± SD).
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A

B

Figure 4.4 Structural Effects of Tim23IMS Membrane Insertion. A) Model showing the
reconfiguration of the phosphate and amide groups of phospholipids upon surface
charge redistribution triggered by Tim23IMS binding. Lipid bilayers containing CL have an
anionic membrane surface charge, thereby causing the phosphate group of neighboring
phospholipids to tilt (left). This causes the phosphate groups of neighboring
phospholipids to be motionally restricted. When Tim23IMS binds to the bilayer, the
surface charges are quenched, thereby repositioning the amide group and allowing the
phosphate group more rotational freedom (right). Adapted from MacDonald, 1997. B)
Model showing acyl chain perturbation upon Tim23IMS binding. The two membraneinteracting regions of Tim23IMS may relieve the high positive pressure associated with
the kink of the sn-2 chain of POPC at the center of the acyl chain region, thereby
reducing the order parameters at this region.
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Chapter 5
Biological Significance and Future Directions
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5.1 General Conclusions

The work in this dissertation has provided novel insight into the mechanistic
details of the CL-mediated Tim23IMS and membrane binding event. As the largest
disordered domain of the TOM and TIM23 complexes of the presequence pathway,
Tim23IMS is believed to act as a hub in the mitochondrial protein import network and
facilitate efficient protein transport by engaging in various molecular interactions.
Although the physiological importance of Tim23IMS has been disputed, studies have
shown that this protein domain is essential for yeast growth at high temperatures
(Chacinska et al., 2003; de la Cruz et al., 2010; Bauer et al., 1996). While the
membrane-binding regions of Tim23IMS have only been demonstrated in S. cerevisiae
models thus far, elucidating the molecular details of their interactions with CL-containing
bilayers is critical for understanding the significance of similar types of protein-lipid
interactions found in humans. CL is intimately linked to various physiological processes
within mitochondria, including cellular respiration, apoptosis, and adenylate translocase
ion transport and has been implicated in diseases such as Barth syndrome, diabetes,
and heart disease (McMillin and Dowhan, 2002; Rück et al., 1998; Planas-Iglesias et al.,
2015). Our work with S. cerevisiae Tim23IMS provides the groundwork for investigating
the mechanism of protein and CL interactions in higher eukaryotes and allows for a
more thorough understanding of the functional relevance of these interactions in human
health and disease.
Because of its dianonic headgroup charge, CL has long been assumed to drive
protein interaction with a membrane surface through electrostatic attraction. One of the
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most quintessential and frequently studied CL binding partners is cytochrome c, which
is a polybasic protein that mediates electron transfer during oxidative phosphorylation
and is known to bind to CL at multiple distinct binding sites. One of the CL-binding sites
of cytochrome c is called the A site and is characterized by an abundance of lysine
residues that has proven to be critical for CL recognition (Ascenzi et al., 2015;
Tuominen et al., 2002). Unlike cytochrome c, which has an estimated pI value of 10 at
physiological pH, S. cerevisiae Tim23IMS has a pI value of approximately 4.22. While the
largely anionic nature of Tim23IMS is not surprising when one considers its role in
recognizing and binding the positively charged presequences of preproteins during
protein translocation, it does raise many questions as to why the membrane-binding
ability of this domain is enhanced in the presence of CL.
The ability of peripheral membrane proteins to interact with their respective binding
partners via hydrophobic interactions as opposed to electrostatic interactions is not
unprecedented. In fact, recent binding patch analysis of proteins that are known to bind
to CL has revealed that there is a high frequency of hydrophobic amino acid residues of
these proteins that localizes in the acyl chain region of CL (Planas-Iglesias et al., 2015).
Our conservation analysis of the first twenty amino acid residues of Tim23IMS has
revealed that hydrophobic residues are highly conserved among the majority of fungal
and animal species that were examined (Figure 3.2). Additionally, the second
membrane-binding region of S. cerevisiae Tim23IMS (residues 29-46) shows a
preponderance of hydrophobic amino acid residues, further supporting the prediction
that the binding event of this protein domain is dominated by hydrophobic interactions
(Figure 1.5). Considering the low pI value of Tim23IMS, it is worth questioning how the
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hydrophobic patches of this protein domain are able to overcome the electrostatic
repulsive forces of the anionic surface charge density of CL-containing bilayers.
Our results suggest that Tim23IMS and membrane association is driven by the unique
structural properties of CL-containing bilayers. The lipid packing defects caused by the
non-bilayer forming propensity of CL expose the acyl chain region of the bilayer to
solvent, thereby allowing the hydrophobic residues of Tim23IMS to easily partition into
their thermodynamically favorable microenvironment in a manner that bypasses
repulsive electrostatic forces. The bound state of Tim23IMS is stabilized by favorable
electrostatic and hydrogen bonding interactions between key amino acid residues and
lipid headgroups. More specifically, highly conserved positively charged residues such
as lysine and arginine interact with the negatively charged phosphate groups of lipid
headgroups whereas negatively charged residues (namely aspartic acid) interact with
the positively charged amide groups of the lipid headgroups. Additionally, the presence
of a highly conserved serine residue at the extreme N-terminus of Tim23IMS could be a
beneficial lipid headgroup anchor for this protein domain as its hydroxyl sidechain
allows it to function as both a hydrogen bond donor and a hydrogen bond acceptor. The
presence of highly conserved glycine residues allows for the polypeptide chain flexibility
necessary to drive amino acid partitioning into the bilayer. Upon binding, Tim23IMS
quenches the anionic surface charge of the bilayer and causes PC headgroups to
reorient in a way that triggers a higher degree of motional freedom at the bilayer
interface. As Tim23IMS gradually binds to the membrane surface, lipid packing defects
become even more pronounced as lipid headgroups continually reorient themselves.
Eventually, the middle of the acyl chain of the bilayer becomes significantly more
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dynamic, thereby causing the interfacial region to become hydrated.

5.2 Biological Significance

The structural organization and functional roles of the TOM and TIM23
complexes are conserved from yeast to humans, making S. cerevisiae a useful model
organism for the biochemical and biophysical characterization of the presequence
pathway (Bauer et al., 1999). It is currently estimated that approximately 70% of
mitochondrial proteins utilize the TOM-TIM23 pathway for translocation into
mitochondria (Vögtle et al., 2009). Although these two complexes are not constitutively
linked to each other, studies have shown that a stable TOM-TIM23 supercomplex can
be isolated and detected when precursor proteins are arrested in transit across both the
OM and the IM (Horst et al., 1995; Shiota et al., 2011; Mokranjac et al., 2009;
Chacinska et al., 2005). Moreover, several components of the TOM and TIM23
complexes have been shown to directly interact with one another during precursor
protein import. It has been previously postulated that Tim23IMS penetrates the OM and
becomes exposed to the surface of the mitochondrion, acting as a flexible preprotein
receptor that subsequently recruits the TOM complex and allows for the coordinated
transport of preproteins across both mitochondrial membranes (Donzeau et al., 2000).
The conformational and functional complexity of Tim23IMS is highlighted by the fact that
many of its protein and membrane interactive regions overlap (Figure 1.6). Critical
assessment of the locations of these regions allows one to make numerous
generalizations about the mechanism by which Tim23IMS mediates the transport of IM-

168

and matrix-targeted proteins, however the exact molecular details of these processes
remain elusive.
The two major studies described in this dissertation have revealed critical
information regarding the mechanism by which Tim23IMS binds to membrane bilayers,
thereby allowing for the assessment of its functional significance within the context of
protein transport. The modest binding affinity of Tim23IMS for membrane bilayers (low
µM range) is important in allowing this domain to engage in transient interactions so that
it can rapidly alternate between binding to mitochondrial membranes and binding to
other proteins of the presequence pathway. The stability of these transient membrane
binding interactions requires the presence of CL, which is enriched in both the IM and
the OM at translocation contact sites. Although it is impossible to ascertain whether
Tim23IMS binds to the OM or the IM during protein translocation from our work alone,
future experiments that explore these possibilities may be performed and will be
discussed in the next section.
Previous work has shown that binding of peripheral membrane proteins such as
α-Synuclein is enhanced in the presence of lipid packing defects within the bilayer
resulting from the presence of non-bilayer forming lipids or membrane curvature
(Ouberai et al., 2013). Moreover, binding of these proteins is predicted to induce the
lateral expansion of lipids within the bilayer (Ouberai et al., 2013). The ability of
Tim23IMS to induce a higher degree of membrane disorder and lipid packing defects
could aid the translocation processes of the presequence pathway in numerous ways. It
is possible that Tim23IMS functions to destabilize local lipid packing in order to more
securely anchor into mitochondrial membranes and serve as a receptor for preprotein in
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transit from the TOM complex. Alternatively, studies have indicated that loose lipid
packing is critical for proper functioning of the endoplasmic reticulum by alleviating
stress associated with an overabundance of long-chain saturated fatty acids in the
bilayer (Bigay and Antonny, 2012; Deguil et al., 2010). The IM is extremely protein-rich,
with a protein to lipid ratio (by weight) of approximately 3-4:1 compared to the 1:1 ratio
reported in the OM (Distler et al., 2008). As such, the lipid packing defects triggered by
Tim23IMS binding could be important in relieving membrane stress caused by a proteinpacked bilayer, thereby allowing the membrane-embedded C-terminus of Tim23 to
undergo the conformational changes necessary for channel opening. Taken together,
these results could provide critical insight into the mechanism by which Tim23 channel
opening occurs, which is currently poorly understood.
The ability of Tim23IMS to quench the surface charge of the CL-containing bilayer
and induce conformational changes within the lipid headgroups upon binding could be
critical in allowing CL to interact with other known CL binding partners of the
presequence pathway such as Tim50. Tim23IMS may cause the PC choline groups to
act like “molecular voltmeters’ and interrupt choline interactions with CL, thereby
functioning to locally “liberate” CL and promote its interactions with TOM and TIM23
complex subunits. Overall, while our investigative study of Tim23IMS and membrane
binding has provided us with novel mechanistic details, additional experiments must be
performed in order to paint a more detailed picture of the physiological implications of
this binding event.

5.3 Future Directions
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The work in this dissertation has paved the way for future studies investigating
the membrane binding interactions of Tim23IMS. Our site-specific characterization of the
“hydrophobic hook” binding region of Tim23IMS has provided unprecedented insight into
the importance of polypeptide chain flexibility and hydrogen bonding capabilities of the
regions immediately flanking the membrane-bound amino acid residues of a given
bilayer-interacting protein. Future studies involving mutation of serine 2 of S. cerevisiae
Tim23IMS to a threonine residue would allow us to more critically decipher whether the
presence of a hydroxyl side chain at this region is the reason for the integral importance
of serine in providing stability for the “hydrophobic hook” and membrane binding event.
In this way, the S2T mutant could be subjected to rigorous intrinsic tryptophan
fluorescence and molecular dynamics simulation characterization as had been done
with previous mutants. To confirm the binding parameters that were obtained from our
fluorescence-based approaches, we can perform surface plasmon resonance (SPR),
which is a useful technique that allows one to measure association and dissociation
interactions between molecules in real time without any type of labeling or sample
manipulation. Additionally, one can pursue future experiments involving the expression
of human Tim23IMS in order to assess whether this domain also binds to membrane
bilayers.
Future work involving the ssNMR characterization of the G6P mutant of Tim23IMS
could serve as a useful control that would confirm the membrane structural effects
observed in the presence of wild type Tim23IMS. Moreover, measuring ssNMR spectra
and calculating the order parameters for this mutant would confirm whether binding of
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the “hydrophobic hook” region and the secondary binding region of Tim23IMS is indeed a
sequential process, as our prodan fluorescence data have suggested. In order to
assess whether the membrane bound state of Tim23IMS induces Tim23 channel
opening, future work can be performed involving Förster resonance energy
transfer (FRET). In this way, fluorescent labels can be incorporated into a nanodisc
embedded Tim23 C-terminal domain so that channel opening can be monitored. The
opening of the Tim23 channel opening can then be fluorescently analyzed in the
presence and absence of the “hydrophobic hook” of Tim23IMS as well as in the presence
and absence of CL.
While the reductionist system outlined in this thesis does not allow us to gauge
the relative physiological consequences of Tim23IMS and membrane binding, future
studies involving the in organello investigation of Tim23IMS and CL binding can be
pursued. As was mentioned in the previous section, Tim23IMS is predicted to span the
OM and touch the surface of the mitochondrion in order to tether the TIM23 complex to
the TOM complex and efficiently mediate protein translocation via the presequence
pathway. In order to investigate the importance of “hydrophobic hook” binding on
allowing this OM exposure to occur, we performed in vitro transcription and translation
and generated [35S]-labeled wild type Tim23 as well as [35S]-labeled G6P Tim23. We
then imported these two proteins into isolated mitochondria from S. cerevisiae under
energized conditions. These mitochondria were comprised of different CL backgrounds
(WT or Dcrd1) and were subjected to proteinase K treatment for 20 minutes (Figure
5.1). Proteinase K cannot penetrate the OM of mitochondria and can therefore be used
to gauge the accessibility of a given protein to the outside of the mitochondrion. Yeast
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that lack cardiolipin synthase (Dcrd1) are devoid of CL. Our results revealed that in
mitochondria from WT yeast, G6P Tim23IMS is less protected from proteinase K digest
than wild type Tim23IMS. Interestingly, in mitochondria from Dcrd1 yeast, wild type
Tim23IMS is less protected from proteinase K treatment than when in WT mitochondria,
causing it to behave more like the G6P Tim23IMS mutant. Conversely, the G6P mutant is
digested to about the same extent in both mitochondrial CL backgrounds. As such, it is
possible that in the presence of CL, the extreme N-terminus of Tim23IMS binds to the
IMS-facing side of either the OM or the IM and does not penetrate the OM readily. We
have shown that the extreme N-terminus of the G6P Tim23IMS mutant does not bind to
membranes. In this way, these mutants penetrate the OM regardless of whether or not
CL is present. As such, the membrane-bound state of Tim23IMS might function to
regulate activities within the IMS of mitochondria. While this type of analysis has been
repeated multiple times with each trial rendering the same results, additional work must
be done in the future in order to fine-tune this import assay and validate our
understanding of the experimental system.
Overall, our two major studies have shifted the paradigm that CL and protein
binding is primarily driven by electrostatic forces and have opened the door for future
studies probing the structural properties of known CL-interacting proteins and
mitochondrial membranes.
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5.4 Figures and Tables

CL background
PK

WT

–

1

+

2

WT

Dcrd
–1
+

3

4

–

+

5

6

IMS

Dcrd
–1
+

7

8

IMS

Tim23

G6P Tim23

Figure 5.1 Import and Proteinase K Digest of [35S] Tim23IMS. Wild type (lanes 1-4)
and G6P mutant (lanes 5-8) [35S] Tim23IMS imported under energized conditions into
mitochondria from isolated S. cerevisiae comprised of different CL backgrounds (WT or
Dcrd1) and subjected to proteinase K treatment for 20 minutes. Bands were quantified
using the Bio-Rad Image Lab (Version 3.0) such that each protein/yeast combination proteinase K was considered as a reference point (1) for its corresponding protein/yeast
combination + proteinase K. Our results reveal that in mitochondria from WT yeast, G6P
Tim23IMS is less protected from proteinase K digest than wild type Tim23IMS.
Interestingly, in mitochondria from Dcrd1 yeast, wild type Tim23IMS is less protected from
proteinase K treatment than when in WT mitochondria, causing it to behave more like
the G6P Tim23IMS mutant. Conversely, the G6P mutant is digested to about the same
extent in both mitochondrial CL backgrounds.
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